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ABSTRACT
The development of two-dimensional (2D) bulge-to-disk decomposition techniques has shown
their advantages over traditional one-dimensional (1D) techniques, especially for galaxies with non-
axisymmetric features. However, the full potential of 2D techniques has yet to be fully exploited.
Secondary morphological features in nearby disk galaxies, such as bars, lenses, rings, disk breaks, and
spiral arms, are seldom accounted for in 2D image decompositions, even though some image-fitting
codes, such as GALFIT, are capable of handling them. We present detailed, 2D multi-model and
multi-component decomposition of high-quality R-band images of a representative sample of nearby
disk galaxies selected from the Carnegie-Irvine Galaxy Survey, using the latest version of GALFIT.
The sample consists of five barred and five unbarred galaxies, spanning Hubble types from S0 to
Sc. Traditional 1D decomposition is also presented for comparison. In detailed case studies of the
10 galaxies, we successfully model the secondary morphological features. Through a comparison of
best-fit parameters obtained from different input surface brightness models, we identify morphological
features that significantly impact bulge measurements. We show that nuclear and inner lenses/rings
and disk breaks must be properly taken into account to obtain accurate bulge parameters, whereas
outer lenses/rings and spiral arms have a negligible effect. We provide an optimal strategy to measure
bulge parameters of typical disk galaxies, as well as prescriptions to estimate realistic uncertainties of
them, which will benefit subsequent decomposition of a larger galaxy sample.
Subject headings: galaxies: bulges — galaxies: elliptical and lenticular, cD — galaxies: photometry
— galaxies: spiral — galaxies: structure
1. INTRODUCTION
Bulges of disk galaxies, along with ellipticals as their
counterparts on the other end of the Hubble sequence,
play a central role in understanding galaxy formation and
evolution. Bulges were once recognized as small ellipti-
cals living in the center of disks, since they bear similari-
ties with ellipticals in many aspects of their observational
properties (Eggen et al. 1962; de Vaucouleurs 1974; Faber
1977; Gott 1977; Renzini 1999). They were both thought
to form out of rapid, violent processes such as gravita-
tional collapse (Eggen et al. 1962; Bournaud 2016) and
galaxy mergers (Toomre 1977). However, as observations
improved, bulges revealed a diversity of observational
properties that suggest distinct formation paths. Some
bulges show younger stellar populations, more flattened
stellar light distribution, and more rotation-dominated
kinematics (see Wyse et al. 1997; Kormendy & Kenni-
cutt 2004 for classical reviews, and Laurikainen et al.
2016 for a recent review). This diversity in bulge char-
acteristics led to a re-evaluation of the simple picture of
bulge formation. In addition to violent processes, it has
been increasingly appreciated that secular evolution, fa-
cilitated by non-axisymmetries in the galaxy potential,
is able to transport gas with low angular momentum to
galaxy centers or to heat disk stars to rise above the disk
plane, consequently building up bulge-like components
that resemble disks rather than merger-built ellipticals
(e.g., Combes & Sanders 1981; Kormendy 1981, 1982,
1993; Sellwood & Wilkinson 1993; Buta & Combes 1996;
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Kormendy & Kennicutt 2004; Athanassoula 2005; Sell-
wood 2014; Tonini et al. 2016). A new terminology—the
pseudobulge—was invented to distinguish bulges that are
disk-like from classical bulges. The recognition of pseu-
dobulges, alongside the discovery of pure disk galaxies,
both of which are vulnerable to the overwhelming effects
of major mergers predicted by ΛCDM, poses challenges
to the canonical hierarchical clustering and merging sce-
nario (Kormendy & Fisher 2005; Kormendy 2008; Kor-
mendy & Fisher 2008; Kormendy et al. 2010; Sachdeva
& Saha 2016). Moreover, the interplay between galaxy
spheroids (bulges and ellipticals) and their central su-
permassive black holes has attracted much interest (Ko-
rmendy & Ho 2013, and references therein). Indeed,
bulges record the evolutionary history of galaxy assembly
and host physical processes that govern galaxy evolution
from small to large scales. The importance of bulges
warrants robust quantitative measurements.
Parametric fitting of galaxy surface brightness has long
proved to be a powerful tool to quantify galaxy spheroids
(de Vaucouleurs 1948, 1959; Se´rsic 1968; Freeman 1970;
Kormendy 1977a,b). Many important scaling relations
have been established as a byproduct of parametric fit-
ting, namely the Kormendy relation (Kormendy 1977a),
the fundamental plane (Djorgovski & Davis 1987; Faber
et al. 1987), and empirical correlations between bulges
and black holes (Kormendy & Ho 2013). Furthermore,
scaling relations help to differentiate spheroids formed
through distinct pathways (e.g., Carollo 1999; Fisher &
Drory 2008; Gadotti 2009; Kormendy et al. 2009; Fisher
& Drory 2010). The success of parametric fitting is indis-
putable. However, the assumption of analytic functions
without a strong physical basis for such fitting is one vi-
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tal but unavoidable shortcoming. Non-parametric meth-
ods specifically designed for bulge-to-disk decomposition
that rely solely on the distinct apparent ellipticities of
the bulge and disk are most effective for highly inclined
galaxies (e.g., Kent 1986; Capaccioli et al. 1987; Scorza
& Bender 1990; Simien & Michard 1990). In relatively
face-on cases, even non-parametric methods need to im-
pose some constraints on the profiles of the component
in order to separate them. For instance, DiskFit3 em-
ploys a hybrid scheme that assumes a parametric pro-
file for the bulge component but none for the bar and
disk (Barnes & Sellwood 2003; Reese et al. 2007; Sell-
wood & Spekkens 2015). Other non-parametric strate-
gies, such as decomposing the image into a series of basis
functions (Gaussians: Cappellari 2002; wavelets: Starck
et al. 1998; shapelets: Refregier 2003; Refregier & Ba-
con 2003), only suffice to characterize the global surface
brightness of galaxies; they are incapable of separating
individual structural components. Thus, in order to de-
compose the individual structural components of disk
galaxies, there are no practical alternatives to parametric
fitting.
There are two categories of parametric techniques:
one-dimensional (1D) fitting of surface brightness profile
of galaxies and two-dimensional (2D) fitting of galaxy
images. 1D fitting was the exclusive technique in early
studies (e.g., Kormendy 1977a,b; Burstein 1979; Kent
1985), and it is employed widely still (e.g., Erwin et al.
2005; Ferrarese et al. 2006; Erwin et al. 2008; Fisher &
Drory 2008; Fisher et al. 2009; Kormendy et al. 2009;
Fisher & Drory 2010; Erwin et al. 2015; Savorgnan &
Graham 2016), owing to its simplicity and perhaps com-
putational speed. Despite its advantages, 1D fitting does
have some shortcomings. There is no consensus on how
to extract the surface brightness profile—the basic in-
put for 1D fitting—from the galaxy image. One can ex-
tract azimuthally averaged profiles by fitting elliptical
isophotes to images or, alternatively, one can extract the
radial profiles through a cut along the galaxy major or
minor axis. Each method has its own pros and cons. Az-
imuthally averaged profiles make full use of images but
isophote twists may introduce ambiguities. Major/minor
axis cuts lose much information but they are useful when
one wishes to emphasize or de-emphasize certain com-
ponents (e.g., bars). Most crucially, 1D fitting cannot
preserve spatial information such as variations in ellip-
ticities and orientations of structural components. Al-
though radial ellipticity () and position angle (PA) pro-
files are measured in the isophotal analysis, this informa-
tion, which can help break the degeneracy between struc-
tural components (e.g., bulges usually appear rounder
than disks, bars are more flattened and often have dif-
ferent PAs compared to other components), cannot be
used in the fitting. Thus, 1D fitting is intrinsically less
capable of handling multi-component fits. Moreover, 1D
fitting cannot properly account for the smearing effects
of the image point-spread function (PSF) because 1D
convolution does not conserve flux.
All these shortcomings can be overcome in 2D fitting,
where ambiguities in extracting surface brightness pro-
file naturally vanish, full spatial information can be re-
tained, and the effects of PSF smearing can be properly
3 http://www.physics.rutgers.edu/~spekkens/diskfit/
taken into account by convolution of 2D PSF images
with model images. Development of 2D image fitting
tools began almost 30 years ago (e.g., Shaw & Gilmore
1989; Byun & Freeman 1995; de Jong 1996) and has in-
creasingly flourished in recent years (e.g., GIM2D4: Simard
1998; Simard et al. 2002; BUDDA5: de Souza et al. 2004;
Gadotti 2008; GALFIT6: Peng et al. 2002, 2010; BDBAR:
Laurikainen et al. 2004, 2005; GASP2D: Me´ndez-Abreu
et al. 2008, 2010; IMFIT7: Erwin 2015). Many direct com-
parisons have been made between 1D and 2D techniques.
Idealized galaxy image simulations have shown that 2D
fitting recovers structural parameters better than 1D fit-
ting (e.g., Byun & Freeman 1995; de Jong 1996). The
emergence of 2D fitting tools makes it practical to fit
non-axisymmetric galaxy features, such as lopsidedness,
bars, and spiral arms (see Peng et al. 2010 for successful
examples). Despite the great potential of such tools, few
studies attempt to explore beyond the two basic bulge
and disk components (e.g., Gadotti & de Souza 2003;
Allen et al. 2006; Meert et al. 2015; Kennedy et al. 2016;
Kim et al. 2016a; but see de Jong 1996; Laurikainen et al.
2004, 2005, 2006; Gadotti 2008, 2009; Kim et al. 2014;
Head et al. 2015; Salo et al. 2015 for aggressive exam-
ples). Bars, if not properly modeled, are known to intro-
duce major uncertainties in bulge parameters (e.g., Lau-
rikainen et al. 2004, 2005; Gadotti 2008). Still, lenses,
rings, disk breaks, and spiral arms, common morpho-
logical features in nearby disk galaxies, are seldom ac-
counted for in 2D bulge-to-disk decomposition studies.
These features are often considered gentle perturbations
or minor accessories to the dominant underlying galaxy
surface brightness, having marginal impact on the princi-
pal structural components. However, some studies prove
otherwise. Laurikainen et al. (2005, 2006) show that
lenses are essential components that need to be mod-
eled in S0s, and Kim et al. (2014) demonstrate that disk
breaks are crucial to derive accurate bulge structural pa-
rameters.
We are interested in quantifying the fundamental pa-
rameters of the bulge component, namely its total mag-
nitude (m), effective surface brightness (µe), effective ra-
dius (re), shape of its surface brightness profile as char-
acterized by a Se´rsic (1968) index (n), and apparent el-
lipticity (). Based on these parameters, we can infer
the luminosities, colors, stellar masses, and star forma-
tion rates of the bulge. Se´rsic indices are commonly
used to distinguish pseudobulges from classical bulges
(Fisher & Drory 2008; Fisher et al. 2009; Fisher & Drory
2010). In addition, fundamental plane correlations (e.g.,
µe vs. re) can also be used to differentiate bulge types
(Gadotti 2009). Apparent ellipticities of spheroids are
related to their kinematics through the V/σ– diagram
(e.g., Illingworth 1977; Binney 1978; Kormendy & Illing-
worth 1982; Kormendy 1993; Kormendy & Kennicutt
2004). While these photometric parameters are com-
monly derived from bulge-to-disk decomposition, their
error budget is often poorly quantified. Subjective eval-
uation of galaxy surface brightness models is one of the
4 http://www.astro.uvic.ca/~simard/GIM2D/
5 http://www.sc.eso.org/~dgadotti/budda.html
6 https://users.obs.carnegiescience.edu/peng/work/
galfit/galfit.html
7 http://www.mpe.mpg.de/~erwin/code/imfit/
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major sources of systematic error, in cases where galax-
ies are well-resolved and have sufficiently high signal-to-
noise ratio (S/N). For example, as mentioned above, ig-
noring bars or disk breaks will cause noticeable biases in
bulge parameters.
This study aims to clarify quantitatively whether sec-
ondary morphological features (lenses, rings, disk breaks,
spiral arms) need to be included in 2D image decompo-
sition of disk galaxies. We experiment with 10 repre-
sentative disk galaxies selected from the Carnegie-Irvine
Galaxy Survey (CGS; Ho et al. 2011). We use GALFIT to
perform detailed 2D multi-model and multi-component
decomposition of high-quality R-band images. We start
from the simplest surface brightness models that only
account for major luminous components, and then grad-
ually increase the complexity of the models to include
secondary morphological features. We pay special at-
tention to variations of bulge parameters in response to
different input models and try to estimate their model-
induced uncertainties, aiming to identify which morpho-
logical features are essential for adequate 2D surface
brightness models. In addition, 1D bulge-to-disk decom-
position is also conducted in the traditional manner for
comparison. We find that 1D fitting is not adequate for
most cases. The simplified assumption of exponential
disks is generally not satisfactory for the purpose of ac-
curately measuring bulges. Specifically, we show that,
to achieve robust bulge parameters, nuclear lenses/rings,
inner lenses/rings, and disk breaks need to be properly
treated using 2D fitting, while outer lenses/rings and spi-
ral arms do not. This paper lays the groundwork for
subsequent decomposition of the entire CGS disk galaxy
sample, with the aim of deriving more accurate demo-
graphics of bulges in the local universe. Note that in this
paper we do not attempt to distinguish bulge types (clas-
sical or pseudobulge) or the physics behind their appear-
ance; we only focus on measurements of the structural
parameters of photometric bulges. Due to the limited
resolution of the data, we also make no effort to sepa-
rate possible subcomponents within bulges (i.e., compos-
ite bulges: Prugniel et al. 2001; Kormendy & Barentine
2010; Barentine & Kormendy 2012; Erwin et al. 2015).
The paper is structured as follows. Details of the sam-
ple are described in Section 2. Section 3 gives an overview
of decomposition methodology, for both 1D and 2D fit-
ting. Section 4 presents the decomposition results of each
galaxy. In Section 5, we discuss the relative importance
of various morphological features and propose an optimal
strategy for the bulge-to-disk decomposition. Finally, we
summarize the findings of this study in Section 6.
2. SAMPLE AND DATA
Ho et al. (2011) initiated the CGS program to inves-
tigate the wealth of information stored in the structures
of a statistically complete and unbiased sample of 605
bright galaxies in the southern sky (Figure 1). The
CGS sample is defined by BT ≤ 12.9 mag and δ < 0◦,
without any reference to morphology, size, or environ-
ment. The sample consists of 17% ellipticals, 18% S0
and S0/a, 64% spirals, and 1% irregulars. The galax-
ies are nearby (median DL = 24.9 Mpc), luminous (me-
dian MBT = −20.2 mag), and angularly large (median
B-band isophotal diameter D25 = 3
′.3). Details of the
observations and data reduction are given in Ho et al.
TABLE 1
Basic Properties of the Training Sample
Name
BT Leda RC3 D25 DL
(mag) Type Type (′) (Mpc)
(1) (2) (3) (4) (5) (6)
NGC 1411 12.19 E/S0 SA(r)0− 2.71 15.5
NGC 2784 11.19 S0 SA(s)00 5.39 8.5
NGC 1357 12.44 Sab SA(s)ab 3.28 24.7
NGC 7083 11.92 Sbc SA(s)bc 3.70 33.9
NGC 6118 12.30 Sc SA(s)cd 4.43 23.1
NGC 1533 11.82 E/S0 SB0− 3.18 18.4
NGC 1326 11.53 S0/a (R)SB(r)0+ 4.34 16.9
IC 5240 12.69 SBa SB(r)a 2.78 21.4
NGC 7329 12.17 SBb SB(r)b 3.77 42.6
NGC 945 12.89 SBc SB(rs)c 2.42 58.2
Note. — Column 1: galaxy name. Column 2: B-
band total magnitude, from HyperLeda. Column 3: Hub-
ble type, from HyperLeda. Column 4: Hubble type, from
the Third Reference Catalog of Bright Galaxies (RC3; de
Vaucouleurs et al. 1991). Column 5: diameter at µB =
25.0 mag arcsec−2. Column 6: luminosity distance. All
quantities extracted from Tables 1 and 3 in Ho et al. (2011).
(2011), so here we only present basic properties of the
sample that concern image fitting. Images were taken in
B, V , R, and I bands with a field of view of 8′.9× 8′.9,
using a CCD camera that has a decent pixel scale of
0.259 arcsec pixel−1. The majority of the images are of
high quality. The median seeing is 1′′.17, 1′′.11, 1′′.01,
and 0′′.96 for the B, V , R, and I bands, respectively,
and the corresponding median surface brightness depth
is 27.5, 26.9, 26.4, and 25.3 mag arcsec−2. These char-
acteristics combine to make an ideal sample for detailed
structural decomposition. This study focuses on the R-
band images, which offer the best balance between image
depth, spatial resolution, and less severe sensitivity to
dust absorption and young stars. We avoid the I-band
data, whose PSF suffers from the red halo effect (Huang
et al. 2013).
For the purposes of this paper, which targets a repre-
sentative “training set” of disk galaxies that can serve as
a guide for the rest of CGS, we need to select galaxies
that show wide range of secondary morphological fea-
tures, including lenses, rings, disk breaks, and spiral
arms. For these morphological features to be well rec-
ognized, our targets must not be highly inclined. In the
meantime, we need to make sure that they span a con-
siderable range over the Hubble sequence. We select a
sample of 10 galaxies, comprising five unbarred and five
barred galaxies, with Hubble types ranging from S0 to
Scd. Figure 1 shows three-color composite images of all
galaxies in the sample. The basic properties of the sam-
ple are summarized in Table 1. Average BT , DL, and
D25 of the sample are 12.11 mag, 26.3 Mpc, and 3
′.6, re-
spectively, in fair agreement with the parent sample.
3. METHODOLOGY
3.1. 1D Bulge-to-disk Decomposition
Nearby disk galaxies commonly show features such as
bars, broken disks, lenses, and rings. However, these fea-
tures are not taken into account in 1D decomposition;
our hands are tied by the inherent inability of 1D fit-
ting to utilize all the spatial information contained in
the full surface brightness distribution. Attempting to
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Fig. 1.— Image atlas of the training sample, including five unbarred galaxies in the top row and five barred ones below. Their morphological
types range from S0 to Scd.
model these features along with the bulge and disk is
dangerous without constraints from the PA and . The
components are degenerate with each other, making the
fitting results highly unreliable, even if we can achieve
good-looking fitting residuals.
An often-adopted practical approach is to exclude from
the fit part of the surface brightness profile that does not
conform to the assumed two-component (i.e. bulge+disk)
model. This strategy was adopted by Fisher & Drory
(2008). We follow a similar approach for our 1D de-
composition. We assume that the galaxies in the sample
follow the surface brightness profile
Σ (r) = Σe exp
[
−κ
((
r
re
)1/n
− 1
)]
+ Σ0 exp
(
− r
rs
)
,
(1)
regardless of the degree of observed complexity. The
Se´rsic function describes the surface brightness profile
of the bulge, where re is the effective radius, Σe is
the surface brightness at re, and n is the Se´rsic in-
dex; κ is related to n by the incomplete-gamma func-
tion Γ (2n) = 2γ (2n, κ) (Graham & Driver 2005). The
exponential function describes the disk surface bright-
ness profile (Freeman 1970), where Σ0 and rs are the
central surface brightness and scale length, respectively.
The observed surface brightness profiles are derived by
fitting elliptical isophotes to sky-subtracted images us-
ing the IRAF8 task ellipse (Jedrzejewski 1987). Along
with the azimuthally averaged surface brightness pro-
file, ellipse outputs the radial  and PA profiles of the
isophotes. Special considerations about this process are
discussed in Appendix A, while Appendix B.1 explains
how we measure the sky level and its uncertainties.
To determine the free parameters in Equation (1), we
utilize the MPFIT9 package (Markwardt 2009) in the
IDL environment to perform nonlinear least-squares fit-
ting of the model to the observed surface brightness pro-
file, truncated at 1σ above the sky. MPFIT is based
8 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities for
Research in Astronomy (AURA), Inc., under cooperative agree-
ment with the National Science Foundation.
9 http://purl.com/net/mpfit
on the Levenberg-Marquardt algorithm. The data are
weighted by their measurement uncertainty. Savorgnan
& Graham (2016) consider such an S/N-based weight-
ing scheme biased, and they prefer to assign no weight
to the data; we address this issue in Appendix A. As the
smearing effects of the PSF cannot be properly treated in
1D fitting, then, following common practice, we simply
exclude the data inside the seeing disk from the fitting
process. Parameter errors reported by the program are
derived from the covariance matrix. The ellipticity and
PA of the best-fit bulge and disk are computed as aver-
aged values over their dominant part of the radial  and
PA profiles, after the fitting is completed. The flux of
both components follows from
Fbulge = 2pir
2
eΣee
κnκ−2nΓ (2n) (1− ) , (2)
Fdisk = 2pir
2
sΣ0 (1− ) . (3)
We compute the total flux T of the galaxy by integra-
tion of the observed surface brightness profile truncated
at 1σ above the sky. Then the bulge-to-total ratio (B/T )
and disk-to-total ratio (D/T ) are directly computed by
dividing the flux of the respective components by the to-
tal flux of the galaxy. Note that in our 1D fitting the
sum of B/T and D/T is not necessarily close to 1. This
arises from the fact that not all data in the observed sur-
face brightness profile participate in the fitting; the data
inside the seeing disk are excluded, and other parts of
the profile could be further excluded due to the presence
of bars, lenses, rings, etc. Hence, the flux of the model
does not necessarily match the observed flux. Even when
no data are excluded from the fit, there is no guarantee
that the sum of B/T and D/T should be ∼1. We have to
remind readers that fluxes of components are computed
using their averaged , whereas the total fluxes of galax-
ies are computed using the overall  profile. Therefore,
the sum of component fluxes is not necessarily equiva-
lent to the total flux of the galaxy even when the model
perfectly fits the data, especially for galaxies that exhibit
strongly varying  profiles. This is caused by the nature
of 1D fitting, which is not directly fitting the sum of all
components in images but, instead, the profiles extracted
from images. We do not try to correct such irregulari-
ties throughout this paper because we are not mainly
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concerned about D/T .
Errors reported by the fitting program give fair esti-
mates of the uncertainties introduced by sky subtraction,
since the uncertainties of sky level measurements were
propagated into computation of measurement uncertain-
ties of the observed surface brightness profiles. This is
confirmed by measuring variations of best-fit parameters
by deliberately subtracting from the image the measured
sky level ±1σ, and comparing them to errors reported
by the fitting programs. Another source of uncertainty
originates from the range of excluded data. For most
cases, we are not able to unambiguously determine the
start and end point of the excluded ranges; for example,
bars smoothly blend with bulges so that the separation
of these two components can be unclear. We empirically
estimate the uncertainty introduced by our subjective
choice of excluded ranges by manually perturbing them
and examining their influence on the best-fit bulge pa-
rameters. Finally, we sum up the two kinds of uncertain-
ties in quadrature.
3.2. 2D Bulge-to-disk Decomposition
We use GALFIT 3.0.5 to perform 2D multi-component
decomposition. GALFIT is a highly flexible and fast
image-fitting algorithm originally designed to extract
structural components from well-resolved Hubble Space
Telescope images of nearby galaxies (Peng et al. 2002).
It has been widely used on many surveys, both ground-
based (Meert et al. 2015, 2016; Huang et al. 2013, 2016;
Kim et al. 2016a) and space-based (Salo et al. 2015;
Davari et al. 2016b), idealized image simulations (e.g.,
Ha¨ussler et al. 2007; Meert et al. 2013; Davari et al. 2014,
2016a), and on many studies of individual objects (e.g.,
Gu et al. 2013). GALFIT carries a large box of analytic
functions (e.g., Se´rsic, exponential, modified Ferrer, Mof-
fat, King). Researchers can use these functions to con-
struct models with an arbitrary number of components,
with possibly different centers, whose parameters can be
totally free, constrained, or fixed. Model components
can be modified by Fourier modes, bending modes, coor-
dinate rotation, and truncation, simultaneously or sepa-
rately. All these features help to create realistic-looking
galaxy models, not only for regular and isolated galaxies,
but even for irregular galaxies, merging pairs, and over-
lapping galaxies. In this paper we restrict our attention
to regular galaxies.
GALFIT requires users to provide a data image, a PSF
image, an optional mask image, and an input model of
surface brightness. Sigma images are internally gener-
ated by the code. The input data image is not sky-
subtracted. We make use of the full data image because
we plan to fit the sky level simultaneously with the galaxy
(see Appendix B.2 for details). PSF images and mask im-
ages were prepared in Ho et al. (2011). The convolution
box diameter is set to 40–80 times the seeing disk, as
suggested in GALFIT FAQ10.
The key input ingredient for GALFIT is the surface
brightness model of the galaxy. There is no univer-
sally accepted input model. As suggested in Peng et al.
(2010), we build up complexities gradually, starting from
the simplest model assumption, namely bulge+disk for
10 https://users.obs.carnegiescience.edu/peng/work/
galfit/TFAQ.html
unbarred galaxies and bulge+bar+disk for barred galax-
ies. These model assumptions are commonly adopted
in the literature as final solutions, mainly for the sake
of simplicity and ease of interpretation. We attempt to
achieve stable solutions for these simplified models first,
and then slowly increase the complexity and number of
parameters as required.
Although there are many analytic functions available
in GALFIT, we restrict ourselves to a few of them, as
described below. We adopt the Se´rsic function for the
surface brightness profile of the bulge, as is commonly
done, and therefore our results can be compared to those
of previous studies:
Σ (r) = Σe exp
[
−κ
((
r
re
)1/n
− 1
)]
. (4)
The special case of n = 1 corresponds to the standard
exponential profile of the disk:
Σ (r) = Σ0 exp
(
− r
rs
)
. (5)
The notations in Equation (4) and Equation (5) are con-
sistent with those in Equation (1). If the disk profile is
more complicated than a simple exponential (e.g., Kor-
mendy 1977b; van der Kruit 1979), it can be substituted
by another profile or a combination of profiles. As for
the bar, we choose the modified Ferrer profile,
Σ (r) = Σ0
(
1− (r/rout)2−β
)α
, (6)
which is defined within r ≤ rout and is otherwise 0; Σ0 is
the central surface brightness, α governs the sharpness of
the outer truncation, and β describes the central flatness
of the profile. Some studies fix α to 2 or 2.5 to ensure
a sharp truncation of the bar (e.g., Laurikainen et al.
2005; Salo et al. 2015); however, we find that α hardly
affects the best-fit parameters of the other components,
and hence we allow the range α, 0 ≤ α ≤ 5. If α > 5, we
fix it to 2, while β is always a free parameter. We also
find that rout is correlated with α: rout is larger when α
increases. Thus, rout may not be a fair characterization
of bar length when the best-fit bar component has an un-
realistically extended outskirt (large α). Since this paper
only focuses on bulge parameters, we leave this issue to
be clarified in future studies. Besides galaxy components,
we also include a component to fit the sky level, which
is represented by a first-order bivariate polynomial,
Σsky (x, y) = Σsky (xc, yc)+(x− xc) dΣsky
dx
+(y − yc) dΣsky
dy
,
(7)
where (xc, yc) is the geometric center of the image, and
dΣsky/dx and dΣsky/dy are the sky flux gradient along
each dimension of the image.
The default azimuthal shape for each galaxy compo-
nent is the traditional generalized ellipse,
r (x, y) =
(
|x− x0|C0+2 +
∣∣∣∣y − y0q
∣∣∣∣C0+2
) 1
C0+2
, (8)
where (x0, y0) is the centroid of the ellipse, the x-axis is
aligned with the major axis of the ellipse, q is the axis
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ratio, and C0 controls the diskyness or boxyness of the
isophote. C0 is a hidden parameter unless it is invoked.
In this study, C0 ≡ 0, so the generalized ellipse simplifies
to a pure ellipse,
r (x, y) =
(
(x− x0)2 +
(
y − y0
q
)2) 12
. (9)
The azimuthal function can be modified by coordinate
rotation when fitting spiral disks. We adopt power-law–
hyperbolic tangent coordinate rotation (power-law spi-
ral) instead of logarithmic–hyperbolic tangent rotation
(logarithmic spiral); while both forms give equivalently
good fits, the winding scale radius parameter of the loga-
rithmic spiral usually hits the parameter boundary (i.e.,
the parameter is infinitesimally small). In brief, the func-
tional dependence of the power-law spiral is given by
θ (r) = θout tanh
(
rin, rout, θincl, θ
sky
P.A.; r
)
×
[
1
2
(
r
rout
+ 1
)]α
.
(10)
The detailed analytic form of the hyperbolic function is
lengthy and not of interest here; readers can consult Ap-
pendix A in Peng et al. (2010) for details. Rotation is
largely controlled by the tanh function when r < rout,
and the asymptotic behavior beyond rout is governed by
the power-law term, which is characterized by the power-
law slope α. The cumulative rotation angle roughly at
rout, θout, indicates how tightly the spiral arms wind.
They define rin to satisfy θ (rin) ≈ 20◦; as θ (r) almost
remains constant when r < rin, a positive rin produces a
bar-like pattern that bridges the spiral arms at approx-
imately rin. In cases of unbarred galaxies, rin is always
set to 0. The inclination angle of the disk is θincl, and
θskyP.A. is the sky PA. These two parameters together deter-
mine how the spiral disk is projected onto the sky plane.
Moreover, the pure ellipse or the coordinate rotation can
be modified by Fourier modes to create more complicated
and realistic-looking models. The Fourier modes perturb
a pure ellipse in a way depicted by
r (x, y) = r0 (x, y)
(
1 +
N∑
m=1
am cos (m (θ + φm))
)
,
(11)
where r0 is the unperturbed radius, am is the amplitude
for mode m, θ = arctan ((y − y0)/ ((x− x0)q)), and φm
is the phase angle relative to θ. For most cases, we use co-
ordinate rotation in conjunction with the Fourier modes
to reproduce realistic spiral arms. Except for one case,
the Fourier modes are seldom used together with the pure
ellipse; we apply an m = 4 Fourier mode to the Se´rsic
bulge component of IC 5240 to model its X-shaped bulge.
Figure 2 illustrates how we break away from axisymme-
try by altering a pure ellipse using power-law coordinate
rotation or/and Fourier modes. Each panel of Figure 2
is a prototype of realistic models that will show up from
time to time in Section 4 (e.g., panel (a) for all compo-
nents of the starting model for every galaxy; panel (b) for
the disk of NGC 6118; panel (c) for the bulge of IC 5240;
and panel (d) for the disk of NGC 7083).
In addition to the functions mentioned above, the trun-
cation function is extensively used to model disk breaks
and rings. The truncation function is basically a hyper-
(a)
pure ellipse
(b)
α−tanh spiral
(c)
pure ellipse
m=4
(d)
α−tanh spiral
m=3
Fig. 2.— Examples of how various azimuthal functions shape
Se´rsic profiles: (a) axisymmetric model; (b) power-law spiral
model; (c) axisymmetric model modified by an m = 4 Fourier
mode; and (d) power-law spiral model modified by an m = 3
Fourier mode.
bolic tangent function, and its functional dependence on
various parameters is given schematically by
P (x, y) = tanh (x, y;x0, y0, rbreak,4rsoft, q, θP.A.) ,
(12)
where (x0, y0) is the center, q is the axis ratio, and θP.A.
is the PA of the truncation function. These three param-
eters are hidden by default; if not specified, their values
are inherited from the component that is modified by
the truncation function. rbreak is the break radius where
the truncated model flux drops to 99% of its original
flux at this radius. The softening length 4rsoft is de-
fined as rsoft− rbreak or rbreak− rsoft for outer truncation
or inner truncation, respectively, where rsoft is the ra-
dius where the truncated model flux drops to 1% of its
original flux at this radius. Its detailed analytic form
is lengthy and is not of immediate interest; readers can
consult Appendix B in Peng et al. (2010) for details.
Components are modified by the truncation function by
multiplying P or 1−P with the original flux distribution
for inner or outer truncation, respectively. In contrast
with the azimuthal functions that allow for the possi-
bility to break from axisymmetry but still preserve the
original meaning of the key parameters of the radial pro-
files, the truncation function can alter both the radial
profile and azimuthal shape of components, possibly al-
tering the original meaning of key parameters. Hence we
limit application of the truncation functions only to the
disk component, mainly to create composite radial pro-
files to account for disk breaks. In this case, inner and
outer disk components share the same truncation func-
tion but in opposite manner (outer truncation and inner
truncation); the truncation function actually links two
truncated components. Such a composite profile has an
inner part described by a certain analytic function and
an outer part that behaves as another, and how smoothly
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the two are bridged depends on the truncation function
that links them. Moreover, the overlap region of the two
parts can naturally produce ring-like features. Figure 3
gives a schematic illustration of the two usages of the
truncation function in our study. One is to create Type
II disk profiles (left panels; Freeman 1970; Pohlen & Tru-
jillo 2006; Erwin et al. 2008); the other models rings as
well as truncated disks (right panels). Applications of
these two prototypes appear in Section 4 (e.g., NGC 7083
for the left-side example, and all barred galaxies with in-
ner rings for the right-side example). We show that pro-
ducing rings is just a matter of how abruptly one part
of the composite profile engages another, while smooth
transitions result only in disk breaks.11 In addition, we
will show that, in the case of NGC 1411, lenses can be
modeled as exponential subsections, which is mathemat-
ically the same approach to model disk breaks. Although
we show that disk breaks, lenses, and rings, along with
the underlying disk, can be modeled mathematically in-
terchangeably, we do not imply that these features are
intrinsically the same morphological phenomena, or that
they are necessarily coupled with each other. For ex-
ample, the disk breaks in NGC 7083 and NGC 6118 are
not accompanied by lenses or rings. In turn, when lenses
or rings are present, whether the underlying disk is bro-
ken or not does not matter in any case (see the final
two models of NGC 1411 and NGC 1533 in Section 4).
There are variants of the truncation function available
in GALFIT, such as radial truncation, length truncation,
height truncation, and inclined or non-inclined trunca-
tions, which will not be discussed here. We only use ra-
dial truncation for axisymmetric components, and radial
non-inclined truncation for spiral components through-
out this paper.
Initial guesses of free parameters are roughly estimated
through detailed inspection of images and isophotal anal-
ysis. Initial guesses of the sky levels are obtained by
the direct approach (see Section B.1 for details). We
pay close attention to the best-fit sky level measured by
GALFIT. We find that the best-fit sky levels are quite close
to their initial guesses, and the sky flux gradient is gen-
erally small. Subsequent refinements of the input model
differ from galaxy to galaxy, which will be discussed in
detail in Section 4.
The flux of each component is directly computed from
its model image after fitting is completed. In contrast to
1D fitting, the flux ratio for each component is computed
by dividing by the total model flux instead of the total
data flux. Because the data image can be contaminated
by foreground sources, measurement of total flux from
the data image is not straightforward. One way to mea-
sure this quantity is demonstrated in Section 3.1, which
is to integrate the observed surface brightness profiles.
We consider the total flux of 2D best-fit models to be a
good approximation of the total flux of the data image.
Many studies show that even single-component models
suffice to recover global properties (e.g., half-light radius
and total magnitude) of galaxies with multi-component
configuration (e.g., Peng et al. 2010; Meert et al. 2013;
11 There is one exceptional case where we model the inner ring of
NGC 1533 as an individual truncated component as well as byprod-
uct of modeling disk breaks. However, this model only serves as a
reference to show that bulge parameters are not sensitive to how
we choose to model rings.
Fig. 3.— Examples of composite profiles. Left: loosely linked
exponential profiles (lower) and their 2D manifestation (upper).
Right: tightly linked exponential profiles (lower) and their 2D man-
ifestation (upper). The size of both images is 1000 × 1000 pixels.
In both bottom panels, red dashed lines and blue dashed lines
represent inner and outer components of the composite profiles,
respectively. Black solid lines are overall profiles, which are the
sum of the inner and outer components. Vertical dotted-dashed
lines mark rbreak for the truncated components, where their pro-
files start to deviate from their original ones. Note that in the
right-side example the inner and outer components share the same
rbreak. The values of4rsoft in the left-side and right-side examples
are 100 pixels and 50 pixels, respectively.
Davari et al. 2014, 2016a).
Sky subtraction presents a major source of uncertainty
(Huang et al. 2013), which is not properly captured in the
formal errors of the best-fit model parameters. We follow
the empirical approach of Huang et al. (2013) to estimate
the uncertainties of the bulge parameters by measuring
variations of the model parameters by perturbing the sky
levels around ±1σ of the best-fit sky level. This works
for most, but not all, cases. In some instances, we can
only obtain lower limits to the true uncertainties of the
bulge by manually adjusting other components while still
generating plausible-looking models. The range that al-
lowed possible input models bracket serves as a measure
of the model-induced uncertainties (see discussion in Sec-
tion 5).
4. DECOMPOSITIONS OF INDIVIDUAL OBJECTS
4.1. NGC 1411
NGC 1411 is an S0 galaxy of particular interest due
to its complicated structures. It has a comprehensive
manifestation of various types of lenses in disk galaxies.
Sandage & Bedke (1994) identified a three-zone lumi-
nosity distribution with a ring that signifies the edge of
an inner lens. Buta (2013) recognized a nuclear lens,
an inner lens, and an outer lens on a Ks-band image
of the galaxy, based on marginal change of the B − V
color profile at the edge of each lens. Buta et al. (2015)
reached a similar conclusion using mid-infrared images
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from the Spitzer Survey of Stellar Structure in Galaxies
(S4G; Sheth et al. 2010). However, visual classification
of a Ks-band image by Laurikainen et al. (2011) missed
the outer lens. On our CGS R-band image of the galaxy,
the inner lens and the nuclear lens clearly stand out, but
the outer lens is hard to discern. The nuclear lens, unlike
nuclear rings and nuclear bars that unambiguously point
to presence of pseudobulges, is not considered as part of
the photometric bulge due to its unclear physical nature.
Therefore, in this case the secondary morphological fea-
tures are the nuclear and inner lenses.
Although in principle the inner lens and nuclear lens
should be excluded from 1D fitting of the surface bright-
ness profile (Figure 4), we opt not to do so. Exclud-
ing such a large portion of the profile (5′′–50′′) produces
highly uncertain fits that are very sensitive to the ex-
act choice of excluded radii. We only exclude the part
of the profile that is dominated by the inner lens (15′′–
50′′), and we estimate the uncertainties of the best-fit
parameters (Table 2) by expanding and contracting the
excluded range through shifting the start point by 5′′ and
the end point by 10′′ on a logarithmically spaced surface
brightness profile. Despite our conservative choice of the
excluded range, we find that the error bars of the 1D
best-fit parameters are still quite large, and we expect
the real uncertainties to be even larger.
For the 2D models, we follow the general strategy of
building up the complexity step by step. We first fit a
two-component model (Model1). Clearly the inner lens
and the nuclear lens stand out in the residual image.
Then we add a Se´rsic function to represent the inner
lens on top of the best-fit two-component model and re-
fit the galaxy (Model2), but the nuclear lens is still not
included. Model3 adds another Se´rsic function to model
the nuclear lens. So far, we have successfully modeled
all the identified components. Lastly (Model4), we suc-
cessfully reproduce the appearance of the nuclear and in-
ner lenses as exponential subsections of the disk surface
brightness that are linked by truncation functions.
The 1D best-fit bulge parameters show considerable
deviation compared with those derived from 2D analy-
sis, although there is significant overlap within their un-
certainties. Given that there are complicated technical
issues in 1D fitting (see Section A for detailed discus-
sion), it is difficult to track down the exact source of the
discrepancy.
Model2 gives an exceptionally strong bulge, with B/T
higher by a factor of ∼ 2/3 compared with the other
three 2D models. This unrealistic intermediate product
is caused by the inclusion of the inner lens, which sup-
presses the disk component, and by the absence of the
nuclear lens, which allows the bulge to expand. This
model is simply an intermediate step, one to highlight
the necessity of simultaneously fitting the two lens com-
ponents. Model3 produces a similar bulge compared with
that of Model1, except for their different Se´rsic indices.
We observe that the disk component of Model1 actually
accounts for the inner lens, and perhaps the bulk of the
nuclear lens. Apart from n, it is not surprising that both
models yield very similar bulge parameters (i.e., mR,
B/T , and µe); however, whether it is due to the fact
that the disk component in Model1 accidentally takes
out most of the nuclear lens light or that the nuclear lens
only carries a small fraction of the total galaxy light is
unclear, since we lack an adequate intermediate model.
By comparison of Model3 to Model1, we learn that when
the nuclear lens is not properly modeled, it at least affects
measurements of bulge Se´rsic index. The key lesson here
is this: if one is interested in accurately measuring bulge
Se´rsic indices, one must pay special attention to even mi-
nor luminous components that are intimately localized
with the bulge. Model3 and Model4 describe the same
degree of complexity, albeit in different ways, and the
best-fit parameters of the two models agree quite well.
They demonstrate that how we treat the two lenses—as
superimposed components on the underlying disk or as
subsections of the disk—does not greatly affect the bulge
measurement, so long as the lenses are not neglected.
The large number of free parameters in our final 2D
models may seem daunting and excessive. However, the
number of free parameters is not a fair measure of the
degree of degeneracy. There is an excellent point made
by Peng et al. (2010): fitting many well-isolated stars
simultaneously is as robust as fitting a single star. In
the case of the structural components of our 2D models,
they are, of course, not isolated but well resolved and well
defined by their different orientations and different light
profiles. This is why they are readily identified by visual
examination. Nevertheless, we notice that the light frac-
tion of the inner lens varies significantly from Model2 to
Model3 (0.15–0.10). We argue that the lens component
in our model may not be robust against changes in other
components, but it is quite robust when it is regarded
as an accessory to the underlying disk component. As
seen in both Model2 and Model3, the inner lens compo-
nent always fits well the surface brightness from ∼ 20′′
to ∼ 50′′, with the help from the underlying disk com-
ponent. This radial range is exactly dominated by the
inner lens morphology, as observed in the original image.
In summary: both the nuclear lens and inner lens
should be properly modeled if we wish to properly mea-
sure all structural parameters of the bulge. Specifi-
cally, the inner lens, as a large-scale and high-surface-
brightness component, should be included in the model;
otherwise, the bulge flux may be biased significantly. The
nuclear lens, when it is not properly modeled, can at least
alter the bulge Se´rsic index dramatically.
4.2. NGC 2784
NGC 2784 has not received as much attention as
NGC 1411 because of its relatively simple structure. A
three-zone S0 structure was found by Sandage & Bedke
(1994). Buta (2013), as did Sandage (1961), identified a
nucleus, a lens, and an envelope. The inner lens of the
galaxy is evident in the CGS R-band image, while the
outer lens (envelope) is rather vague but is readily seen
in the residual image (Figure 5).
For the 1D fit (Figure 5), we exclude the part of the
surface brightness profile that is dominated by the inner
and outer lenses. Again, we find that the fitting results
are sensitive to the choice of exclusion radii. The final
best fit excludes the region between 15′′ and 80′′, and the
uncertainties (Table 3) are estimated by perturbing the
these these values. The large uncertainties of the best-
fit parameters are not caused by the aggressive range of
excluded data. We experimented with excluding only the
inner lens (15′′–45′′), but the results were equally poor.
Our procedure for 2D modeling is similar to that
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Fig. 4.— Best-fit 1D/2D models and isophotal analysis of NGC 1411. The top row shows, from left to right, the grayscale R-band image,
the B − R color index map (darker means redder), and the 2D model image and the residual image in pairs. All the images are cropped
to have the same size of 1.5D25 and are centered on the galaxy. The bottom row displays the fitting results of the 1D surface brightness
profile (first column) or the 1D illustration of the 2D image fitting. From top to bottom, the panels show the radial profiles of ellipticity (),
position angle (PA), R-band surface brightness (µR), and fitting residuals (4µR). Each column represents a best-fit model; from left to
right, they are ordered by increasing dimension (1D–2D) and increasing complexity in the 2D models. The profiles of the data images, the
model images, and the individual components are encoded consistently with different symbols, line styles, and colors, which are explained
in the legends. The filled circles denote data that are excluded in the 1D fitting of the surface brightness profile. Note that the surface
brightness profiles of the overall 2D models are generated by fixing the geometric parameters to those of the data surface brightness profiles,
and the surface brightness profiles of the 2D components are generated along their major axes; hence, the model surface brightness profiles
are not a simple summation of those of their individual components. The text on the right side of the legends gives brief information of
each component; from left to right, each column describes the functions of the radial profiles (Se´rsic, expdisk, and Ferrer), whether they
are complete or truncated (blank for complete, “\” for outer truncation, and “/” for inner truncation), their azimuthal shape functions
(blank for pure ellipse and ”pow” for power-law spiral), and their light fractions. Fourier modes are specifically hidden to save space, and
their application, if any, will be mentioned in the main text. Usually they only serve to improve the residuals.
TABLE 2
Best-fit Parameters for the Bulge of NGC 1411
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 11.38± 0.37 0.510± 0.156 18.32± 0.66 2.56± 1.27 6.00± 2.09 0.089± 0.017 23.22± 8.59
Model1b 11.83+0.01−0.01 0.344
+0.001
−0.001 17.54
+0.01
−0.01 2.43
+0.02
−0.02 3.54
+0.03
−0.02 0.139
+0.000
−0.000 13.30
+0.00
−0.00
Model2c 11.34+0.03−0.04 0.538
+0.020
−0.011 18.59
+0.10
−0.07 3.60
+0.12
−0.08 6.66
+0.42
−0.25 0.164
+0.002
−0.001 13.32
+0.04
−0.06
Model3d 11.98+0.09−0.11 0.301
+0.029
−0.023 17.73
+0.23
−0.19 3.33
+0.26
−0.20 3.30
+0.49
−0.35 0.121
+0.002
−0.001 7.12
+0.47
−0.44
Model4e 12.04+0.02−0.03 0.285
+0.008
−0.005 17.86
+0.08
−0.06 3.61
+0.10
−0.07 3.34
+0.15
−0.11 0.109
+0.001
−0.000 6.48
+0.12
−0.10
Note. — Column 1: model identifier; Model0 is 1D model, while Model1–Model4 are 2D models. Column 2: R-band
total magnitude. Column 3: bulge-to-total ratio. Column 4: surface brightness at effective radius. Column 5: Se´rsic
index. Column 6: effective radius. Column 7: ellipticity. Column 8: position angle.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Disk.
c Model configuration: Bulge+Inner Lens+Disk.
d Model configuration: Bulge+Nuclear Lens+Inner Lens+Disk.
e Model configuration: Bulge+Disk(Part1+Part2+Part3).
adopted for NGC 1411 (Section 4.1), except that
NGC 2784 does not contain a nuclear lens and instead
has an outer lens. Model1 only includes the bulge and
the disk component, and its residual image clearly shows
the imprints of the inner and outer lenses. Model2 adds
a Se´rsic function to represent the inner lens, and Model3
includes an outer lens as well. We leave the outer lens,
which dominates only in the faint outer disk, to the last
step because we expect it to impact the bulge less than
the inner lens.
As seen in Table 3, the 1D best-fit parameters of the
bulge overlap with those of the 2D models. Nevertheless,
such uncertain results are solutions of last resort, as we
have better means to handle the structural complexities
in 2D. The technical difficulties encountered in 1D fit-
ting of NGC 1411 and NGC 2784 are intrinsically the
same—either we have to exclude a considerable part of
the surface brightness profile to mitigate perturbations
from some minor luminous components (in these two
cases, the lenses), which may result in uncertain best-fit
parameters, or we have to assume that the perturbations
are negligible and leave the uncertainties introduced by
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them unquantified. Both solutions are unsatisfactory,
as shown in these two cases, and will be confirmed in-
feasible in more complicated galaxies in the rest of the
sample. As for the discrepant results presented by the
first two 2D models (Model1 and Model2), they again
confirm the importance of modeling lenses that are in-
timately overlapped with the bulge. In this case, the
inner lens is actually incorporated into the bulge com-
ponent in Model1, which leads to overestimates of B/T .
Comparison of Model2 and Model3 confirms our expec-
tation that modeling the outer lens has a minor impact
on bulge parameters. Although the imprint of the outer
lens is prominent on the residual image of Model2, there
is no systematic positive or negative residual pattern in-
side ∼ 50′′, which indicates a reasonably good fit well
beyond the bulge.
As in the case of NGC 1411, we observe that flux ratio
of the inner lens changes significantly from Model2 to
Model3 (0.094–0.134); the arguments we presented in the
previous case still hold here. The combination of the
inner lens, outer lens, and the underlying disk component
in Model3 describes the disk surface brightness as well as
does the combination of the inner lens and the underlying
disk component in Model2. The variations of the inner
lens arise from the inclusion of the outer lens in Model3.
4.3. NGC 1357
NGC 1357 has been recognized as a spiral galaxy with
two major tightly wound arms (Sandage & Bedke 1994).
It is classified as SA(s)ab in RC3, which suggests con-
siderable bulge prominence. The bulge has a smooth ap-
pearance and dominates at least inside ∼ 10′′. At around
20′′, the spiral disk starts to take over in morphology. In-
terestingly, the disk of NGC 1357 has a two-zone struc-
ture: the inner bright part (inside ∼ 40′′) is relatively
blue and shows strong spiral arms, while the outer part
of the disk is red and has no well-defined arms. This mor-
phology separation in the galaxy disk was also reported
by Sandage & Bedke (1994). The abrupt change of disk
color at the edge of inner bright spiral arms is readily
recognized in color profiles of the galaxy (see Li et al.
2011, Figure 19.194). To summarize: the basic layout of
NGC 1357 is the bright bulge, the inner blue disk with
two well-defined spiral arms and the outer redder disk
with weak spiral features.
Although the relatively face-on orientation of the
galaxy blurs geometric differences of the bulge and the
disk, we are helped by the varying strengths of spiral fea-
tures from inside to outside—from zero (bulge), strong
(inner disk) to weak (outer disk). In addition, the sur-
face brightness of the inner bright disk is reminiscent of a
lens, if one neglects the disturbance from the spiral arms.
The inner disk appears as a shelf in the surface brightness
profile, well described by a low-n (n < 1) Se´rsic function,
which differs from a high-n Se´rsic function (bulge) and an
exponential function (the underlying disk). We take all
these morphological features, which help to break degen-
eracies and ensures robust decomposition, into account
in our 2D fit. However, this information is averaged out
in 1D fitting.
For the 1D fit (Figure 6), we exclude data from 20′′ to
50′′ and estimate the uncertainties (Table 4) by expand-
ing and contracting the excluded range through shifting
the start point by 5′′ and the end point by 10′′.
For the 2D fit, we first neglect the separation of disk
morphology and the spiral features and fit the galaxy
with an axisymmetric, two-component model (Model1).
Then we include a Se´rsic function to represent the in-
ner bright disk (Model2). Finally, we apply coordinate
rotation to both disk components to model their spiral
arms (Model3). In addition, m = 1 and m = 2 Fourier
modes are applied to both disk components, to achieve
slightly better residuals. Thanks to the extra component,
Model2 and Model3 show better residuals than Model1.
Nevertheless, the slightly better residuals are not suffi-
cient justification for the extra component. Instead, we
invoke an extra component because (1) the inner bright
disk and the outer faint disk show different physical prop-
erties (i.e., they show different stellar populations and
different surface brightness profiles), and (2) if the extra
component for the inner bright disk is absent, the bulge
component will try to take the inner bright disk as part
of itself (see Model1 in Figure 6). This is the reason why
the best-fit bulge of Model1 is systematically overesti-
mated compared with those of Model2 and Model3.
The only difference between Model2 and Model3 is
whether or not we apply coordinate rotation to the two
disk components. We notice that the two disk compo-
nents with coordinate rotation get stretched to some ex-
tent (i.e., larger Se´rsic index and larger effective radius
for a Se´rsic function, and larger scale length for an ex-
ponential function). These effects can be understood by
consideration of the fact that a spiral disk shows rises and
falls in surface brightness and ends up with a final fall in
the outskirt. If one fits an axisymmetric model to a spiral
disk, the model will compromise between the rises and
falls and “see” a sharp final fall; however, if the model
is modified by coordinate rotation, the spiral model can
deal with rises and falls more naturally and will “see”
a shallower final fall, because isophotes are able to ro-
tate in this situation. Therefore, an axisymmetric model
for a spiral disk tends to have smaller Se´rsic index and
smaller effective radius for a Se´rsic function, or smaller
scale length for an exponential function, compared with
their true value. These trends also hold for the other
five spiral galaxies in the sample. Variations in the disk
components result in variations in the bulge structural
parameters. However, the bulges of Model2 and Model3
show minor differences, especially when considering pa-
rameter error bars.
This is the first galaxy in our sample for which we have
to deal with spiral features. However, these turn out
to affect the bulge parameters only slightly; modeling
spiral features is time-consuming and unnecessary. The
extra disk component acts similarly to the inner lens of
NGC 2784, namely that if it is not properly modeled, it
will be incorporated, incorrectly, as part of the bulge.
4.4. NGC 7083
The spiral arms of NGC 7083 have a filamentary ap-
pearance that causes ambiguity in identifying the number
of arms. A mixture of grand-design and fragmentary fea-
tures in the spiral arms was reported by Sandage & Bedke
(1994). In near-infrared bands, NGC 7083 appears more
likely to be a grand-design spiral (Grosbol & Patsis 1998;
Eskridge et al. 2002), while it is a recognized as a multi-
arm spiral in the B band (Grosbol & Patsis 1998). On
a CGS R-band image, intricate dust lanes that trace the
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Fig. 5.— Best-fit 1D/2D models and isophotal analysis of NGC 2784. Same conventions as in Figure 4.
TABLE 3
Best-fit Parameters for the Bulge of NGC 2784
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 10.47± 0.47 0.341± 0.197 18.08± 1.09 2.41± 1.21 8.58± 8.24 0.150± 0.008 92.53± 2.41
Model1b 10.16+0.01−0.01 0.490
+0.002
−0.002 18.58
+0.02
−0.02 2.80
+0.02
−0.02 12.78
+0.18
−0.17 0.250
+0.002
−0.002 79.75
+0.09
−0.09
Model2c 10.67+0.01−0.01 0.301
+0.000
−0.001 17.81
+0.01
−0.01 2.22
+0.01
−0.01 7.10
+0.04
−0.04 0.164
+0.001
−0.001 83.68
+0.07
−0.07
Model3d 10.61+0.00−0.00 0.319
+0.003
−0.003 17.89
+0.00
−0.00 2.30
+0.00
−0.00 7.55
+0.03
−0.01 0.173
+0.001
−0.000 82.45
+0.00
−0.01
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Disk.
c Model configuration: Bulge+Inner Lens+Disk.
d Model configuration: Bulge+Inner Lens+Outer Lens+Disk.
TABLE 4
Best-fit Parameters for the Bulge of NGC 1357
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 12.26± 0.15 0.227± 0.042 20.18± 0.27 3.09± 0.26 9.33± 1.59 0.160± 0.005 82.59± 0.43
Model1b 12.02+0.30−0.08 0.292
+0.014
−0.061 21.10
+0.29
−0.73 4.43
+0.38
−0.75 14.93
+2.44
−5.26 0.184
+0.001
−0.000 79.96
+0.18
−0.03
Model2c 12.14+0.14−0.15 0.248
+0.021
−0.019 20.59
+0.32
−0.26 3.79
+0.32
−0.26 11.56
+2.57
−1.88 0.188
+0.000
−0.000 80.35
+0.12
−0.16
Model3d 12.30+0.09−0.11 0.215
+0.011
−0.007 20.23
+0.22
−0.16 3.43
+0.22
−0.15 9.32
+1.38
−0.91 0.187
+0.003
−0.002 79.16
+0.28
−0.02
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Disk. For this model, upper errors of B/T , µe,R, n and re, and lower errors of mR, 
and PA are only lower limits.
c Model configuration: Bulge+Disk1+Disk2.
d Model configuration: Bulge+Spiral Disk1+Spiral Disk2.
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Fig. 6.— Best-fit 1D/2D models and isophotal analysis of NGC 1357. Same conventions as in Figure 4.
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spiral pattern and star-forming knots are present. Regu-
larity and smoothness of the spiral arms are largely dis-
turbed by these complexities. However, after subtracting
a smooth model from the original image, we are able to
identify a three-arm structure on the residual image (see
the Residual1 panel of Figure 7). Moreover, the R-band
surface brightness profile of the galaxy shows itself as a
Type II disk profile.
We fit the 1D surface brightness profile (Figure 7) by
excluding the outer truncated part of the disk. As the
exclusion of data occurs at the faint end of the profile,
the fitting results are barely changed even when we do
not discard that part of the profile. In addition, the
break of the profile is sharp enough to be unambiguously
identified. In this case, we conclude that uncertainties
arising from choices of the excluded range are marginal,
and thus are not included in the error budget (Table 5).
As usual, we start fitting the image from the sim-
plest assumption, a Se´rsic bulge and an exponential disk
(Model1), regardless of the presence of the disk break
and the spiral arms. In Model2, the disk break is taken
into account by introducing an extra exponential func-
tion and a truncation function to link the two expo-
nential functions. These are constrained to have the
same centroid, PA, and ellipticity, but they are free to
have different scale lengths. In our philosophy of model
construction, they are meaningless entities as individ-
ual components, and they only make sense when consid-
ered together. We refer to these subcomponents as “Disk
Part∗,” to distinguish them from the case of NGC 1357,
whose two disk components are referred to as “Disk∗.” In
Model3, we apply coordinate rotation to the disk compo-
nents (including Part1 and Part2) to model the truncated
three-arm spiral disk. As regular coordinate rotation is
only able to produce grand-design spirals, we invoke the
m = 3 Fourier mode to split the grand-design arms to
mimic the three-arm appearance.
The bulge derived from the 1D fitting is systematically
somewhat weaker, shallower, and smaller (in terms of
B/T , n, and re, respectively) than those obtained from
the 2D fits. The reason for this is unclear. We also note
that the bulge strength gets enhanced from Model1 to
Model2. In Model1, the single exponential disk compo-
nent has to compromise between the inner part and the
outer part of the broken disk. Thus, the down-bending
outer part will cause the exponential function to have
shorter scale length and brighter central surface bright-
ness compared with the true value of the inner part, al-
though the change of parameters should be small because
the outer part of the disk carries much less weight in the
fitting compared with the inner part. In Model2, after
introducing a truncated exponential disk with smaller
scale length to model the outer part, the inner part is
free to increase its scale length and to reduce its cen-
tral surface brightness. Therefore, the best-fit bulge of
Model2 stretches outward to have larger B/T , n, and re
compared with that of Model1. As for the reason why
the bulge structural parameters varies when we apply
coordinate rotation to the disk, this can be explained
by the same argument that was discussed in length in
Section 4.3. We find that the disk scale lengths become
larger for both parts of the disk component, which is
consistent with the variations of scale-length parameters
for disk components that were observed in the previous
case. Nonetheless, the variations of bulge parameters due
to the inclusion of spiral arms are marginal.
In this case, we confirm that spiral arms have a minor
impact on the bulge parameters once the basic structure
of the disk is determined. Disk break, however, needs to
be properly modeled.
4.5. NGC 6118
NGC 6118 is a late-type spiral galaxy with an appar-
ently weak bulge. de Vaucouleurs et al. (1964) recog-
nized three main spiral arms in its low surface brightness
disk. Sandage & Bedke (1994) noticed the dominant
grand-design spiral pattern that becomes fragmentary
approaching the outer part. Buta et al. (2015) classi-
fied it as a multi-arm spiral based on mid-infrared im-
ages from S4G. Our identification of its spiral pattern is
consistent with that from Sandage & Bedke (1994). How-
ever, we refrain from modeling the branches at the tail of
the grand-design spiral arms and only focus on the prin-
cipal spiral pattern. The galaxy also has a Type II disk
profile, except that the break of the profile is smoother
compared with that of NGC 7083.
As NGC 6118 is qualitatively similar to NGC 7083, we
decompose it in a similar fashion. We fit the 1D surface
brightness profile (Figure 8; Table 6) by excluding data
beyond 110′′, and we do not estimate the uncertainties
caused by different excluded ranges.
The initial 2D model (Model1), consisting only of a
single exponential for the disk, gives a bad fit to the
outer disk, as expected. In view of the fact that the
disk profile exhibits a characteristic Se´rsic shape and the
smooth break precludes an unambiguous identification
of the break radius, we choose not to follow the case
of NGC 7083 to construct a composite profile to model
disk break. Instead, we replace the exponential disk of
Model1 with a n < 1 Se´rsic disk to represent a broken
disk in Model2. In Model3, we apply coordinate rotation
to account for spiral arms.
Except for  and PA, the best-fit parameters from the
1D and 2D decompositions are in good agreement. This
is at odds with the case of NGC 7083. Whether the good
agreement is fortuitous or not is unclear; as with previous
case studies, the output from 1D fitting is difficult to
predict. The B/T increases when we account for the
disk break (from Model1 to Model2), consistent with the
behavior seen in NGC 7083. Structural parameters of
the bulge change as expected when we apply coordinate
rotation to the disk component, for the same reason that
was discussed in Section 4.3.
We again find that disk break will cause the bulge to
be underestimated if it is not properly modeled. And
we confidently conclude that spiral arms can be safely
neglected.
4.6. NGC 1533
NGC 1533 is the first barred galaxy in the sample. It
is viewed in a nearly perfect face-on orientation and is
characterized by the typical smooth appearance of S0s.
It has a prominent bulge, a round disk, and a short bar,
which is the simplest configuration of barred galaxies.
Sandage & Bedke (1994) reported possible spiral features
at the edge of the disk, leading to a mixed classification
of SB0/Sa. However, we observe no sign of spiral features
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Fig. 7.— Best-fit 1D/2D models and isophotal analysis of NGC 7083. Same conventions as in Figure 4.
TABLE 5
Best-fit Parameters for the Bulge of NGC 7083
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 13.05± 0.04 0.100± 0.002 19.23± 0.02 1.47± 0.02 5.09± 0.09 0.192± 0.013 3.39± 0.64
Model1b 12.88+0.03−0.03 0.120
+0.003
−0.003 19.58
+0.04
−0.05 2.06
+0.04
−0.05 6.02
+0.19
−0.21 0.203
+0.003
−0.003 4.83
+0.15
−0.17
Model2c 12.63+0.02−0.02 0.158
+0.001
−0.002 19.97
+0.03
−0.03 2.41
+0.02
−0.03 7.91
+0.16
−0.18 0.224
+0.002
−0.002 4.44
+0.04
−0.02
Model3d 12.52+0.01−0.01 0.172
+0.001
−0.001 20.14
+0.02
−0.02 2.57
+0.01
−0.02 8.73
+0.13
−0.13 0.205
+0.002
−0.002 6.48
+0.02
−0.03
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Disk.
c Model configuration: Bulge+Broken Disk(Part1+Part2).
d Model configuration: Bulge+Spiral Broken Disk(Part1+Part2).
TABLE 6
Best-fit Parameters for the Bulge of NGC 6118
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 14.10± 0.16 0.057± 0.009 20.74± 0.13 1.02± 0.07 7.97± 0.58 0.408± 0.045 56.82± 3.55
Model1b 14.91+0.03−0.03 0.025
+0.000
−0.000 20.30
+0.01
−0.01 0.69
+0.01
−0.01 5.21
+0.09
−0.08 0.486
+0.000
−0.000 49.22
+0.08
−0.08
Model2c 13.97+0.03−0.03 0.069
+0.003
−0.002 20.74
+0.04
−0.03 1.12
+0.03
−0.03 9.10
+0.22
−0.20 0.505
+0.000
−0.001 49.92
+0.05
−0.06
Model3d 14.11+0.01−0.01 0.060
+0.002
−0.001 20.56
+0.01
−0.01 0.96
+0.01
−0.01 8.10
+0.08
−0.08 0.506
+0.000
−0.000 51.00
+0.03
−0.02
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Disk.
c Model configuration: Bulge+Broken Disk.
d Model configuration: Bulge+Spiral Broken Disk.
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Fig. 8.— The best-fit 1D/2D models and isophotal analysis of NGC 6118. Same convention as in Figure 4.
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on the CGS R-band image of the galaxy, either on the
original image or on the residual images (see Figure 9).
We notice a sharp edge in the light distribution beyond
70′′, indicating the possible presence of a lens or a large-
scale ring. This is consistent with the identification of
structural components by Laurikainen et al. (2006) using
a Ks-band image.
As discussed in Section 3, we exclude the bar-
dominated part of the surface brightness profile when
fitting it (Figure 9; Table 7). We omit data from 7′′
to 40′′ and estimate the uncertainties by expanding and
contracting the excluded range by shifting the start point
by 2′′ or 3′′ and the end point by 10′′. We refrain from
excluding the ring-dominating region to ensure stable fit-
ting results, for the same reason we did not exclude the
nuclear lens in the case of NGC 1411.
The initial 2D model for barred galaxies differs from
that for unbarred galaxies by introducing the modified
Ferrer function to represent the bar component. On the
residual image of Model1, we observe a positive ring pat-
tern that signals the change of disk light profile from one
side to another. Inside the residual ring pattern, there is
a conspicuous “dark hole” around the bulge, indicating
that the bulge may have been severely underestimated in
this model. Interestingly, this “hole” has a comparable
size with the bar, and the residual image shows negative
residuals roughly perpendicular to the bar major axis
and positive residuals along the bar minor axis. All these
morphological features are natural consequences of bar-
induced evolution. During development of the bar, stel-
lar orbits are rearranged to align with the major axis of
the bar, and the bar potential gets strengthened further.
Consequently, disk stars within the bar influence are cap-
tured and gas gets shocked or collides, inevitably inflow-
ing to the galaxy center (e.g., Kormendy 1982; Sellwood
& Wilkinson 1993). The inner disk is robbed of stars and
gas, and of course shows a deficit in surface brightness.
The N -body simulations of Athanassoula & Misiriotis
(2002) reproduced such an empty region around the bar
(see their Figures 2 and 3). These considerations lead
us to conclude that a single exponential function cannot
describe the overall profile of the disk component of a
barred galaxy, from the faint outskirt all the way to the
center. Therefore, in Model2 we break the disk into two
parts, as in the case of NGC 7083, and introduce a Se´rsic
function to account for the inner part of the disk with
shallower light profile. We tried to use an exponential
function for the inner part of the disk, but it turns out to
be so flat that its scale length is excessively large. So we
use a Se´rsic function with n < 1 instead. On the residual
image of Model2, we notice that the systematic nega-
tive residual pattern around the bulge disappears. In
Model3, the disk surface brightness model is constructed
in a totally different way. The inner ring is represented
by an inner-truncated Se´rsic function. In conjunction
with an underlying exponential disk, these two compo-
nents can also produce a seemingly broken disk. Model2
and Model3 are equivalent in the sense that they describe
complexities of the same level.
The 1D results agree with those of Model2 and Model3,
except for the Se´rsic indices. As the disk is described
more precisely from Model1 to Model2, B/T grows as
expected. As mentioned above, since the disk compo-
nents overestimate their light contribution in the central
region in Model1, the bulge component is consequently
suppressed. The bulge parameters of Model2 and Model3
are consistent with each other, which reassures us that
they are not sensitive to the choice of model construction
for the inner ring. The bar component in the three 2D
models seems to have escaped the trap. On account of
the distinct PA and ellipticity of the bar, its parameters
are quite stable in contrast to those of the bulge. We
also notice that the PA of the bulge component varies
by more than 16◦ among the three 2D models. This is
caused by the nearly face-on orientation of the galaxy.
The low ellipticities of the bulge and disk blurs their ori-
entations. In any event, the PAs of bulges are not key
parameters of interest.
Rings and lenses are physically different morpholog-
ical components; inner rings arise as dynamical conse-
quence of bar potential (Buta & Combes 1996), while in-
ner lenses could be defunct bars (Kormendy 1979; Lau-
rikainen et al. 2009). Also, rings are considered to be
localized while lenses have radial extent to the very cen-
ter. However, sometimes they are indistinguishable; for
example, in this case the inner ring can also be consid-
ered an inner lens. They appear as shelves or end of
shelves on surface brightness profiles and thus deliver the
same message—the slope of the surface brightness pro-
file varies from one side to another of a ring or edge of
a lens. Moreover, we show that the overall disk surface
brightness that includes lenses or rings can be modeled
mathematically interchangeably. As shown in this case,
the inner ring can be modeled as accessory of the broken
disk (Model3), or as a superimposed component on top
of the underlying disk (Model4), which is reminiscent of
how the inner lens is accounted for in Model4 or Model3
of NGC 1411, respectively. Therefore, we will make no
effort to distinguish rings from lenses in barred galaxies,
as they will be captured by the same modeling approach.
A constant ring-like positive residual pattern located
10′′ away from the centroid of the galaxy shows up in the
residual images of the three 2D models. It is reminiscent
of the “barlens” proposed by Laurikainen et al. (2011).
Indeed, the galaxy is classified as (RL)SB(bl)0◦ by Buta
et al. (2015), where bl is short for barlens. Laurikainen
et al. (2013) studied the statistics of structural compo-
nents in early-type disk galaxies and concluded that bar-
lenses might have evolve to become inner lenses. A re-
cent theoretical study on barlenses suggests that they are
merely face-on versions of boxy/peanut bulges (Athanas-
soula et al. 2015). Laurikainen et al. (2014) lent obser-
vational support to this scenario. If we assume that the
barlens is a boxy/peanut bulge viewed face-on, then we
do not need to account for it separately because it is
part of the photometric bulge and in this study we do
not separate subcomponents of composite bulges.
In this case, we learn that the inner ring ought to be
properly modeled, for it affects bulge measurements in
the same way as disk break does. This type of inner
disk modification differs from the disk break often dis-
cussed. Light deficit of the inner disk is easily missed
in azimuthally averaged 1D profiles, but disk break that
usually occurs at faint outer regions is not.
4.7. NGC 1326
NGC 1326, analogous to NGC 1411, has a comprehen-
sive manifestation of various types of rings. The presence
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Fig. 9.— Best-fit 1D/2D models and isophotal analysis of NGC 1533. Same conventions as in Figure 4.
TABLE 7
Best-fit Parameters for the Bulge of NGC 1533
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 11.27± 0.14 0.325± 0.047 18.05± 0.15 1.98± 0.12 5.90± 0.68 0.088± 0.005 132.72± 3.80
Model1b 11.74+0.02−0.03 0.199
+0.000
−0.001 17.51
+0.02
−0.02 1.66
+0.02
−0.01 3.81
+0.07
−0.06 0.061
+0.002
−0.002 116.56
+1.92
−1.69
Model2c 11.29+0.03−0.04 0.307
+0.003
−0.002 18.24
+0.02
−0.01 2.39
+0.02
−0.00 6.01
+0.15
−0.08 0.056
+0.003
−0.002 123.14
+6.75
−4.32
Model3d 11.17+0.09−0.10 0.332
+0.003
−0.012 18.41
+0.17
−0.15 2.57
+0.15
−0.13 6.76
+0.81
−0.64 0.053
+0.000
−0.000 131.50
+0.00
−1.68
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Bar+Disk.
c Model configuration: Bulge+Bar+Broken Disk(Part1+Part2).
d Model configuration: Bulge+Bar+Ring+Disk.
of rings with different sizes suggests the presence of a bar,
although it is not evident on the R-band image due to
dust lanes on the edges of the bar and the bright inner
ring surrounding it (see the data image and the color
map in Figure 10). However, the morphological features
that obfuscate the visual appearance of the bar actually
betray its presence: the inner ring is believed to be asso-
ciated with a bar-induced resonance, and gas inflow along
the dust lanes, also a dynamical consequence of the bar
potential (Sanders & Tubbs 1980; Li et al. 2015), which
is fueling the nuclear ring, should appear on the leading
edges of the bar. The peak at 30′′ in the ellipticity pro-
file further strengthens our belief that there is indeed a
bar. Therefore, we conclude that the presence of bar is
unambiguous. Whether it can be robustly modeled with
2D fitting remains to be seen. Buta et al. (2015) classify
the galaxy as (R1SABa(r,bl,nr)0
+), although we observe
no sign of a barlens on their image or ours. We further
question whether a barlens can be recognized when the
nuclear ring is present. Inspection of the intensity of
the R1 outer ring reveals that its concave part (i.e., the
part closest to the major axis of the bar) is brighter than
the rest of it. In 2D image fitting, the brighter part of
the outer ring will induce the bar component to stretch
outward more than it should for flux compensation. Nu-
clear rings are considered to be observational signatures
of pseudobulges; they are a clear manifestation of the
build-up of inner disks (Kormendy & Kennicutt 2004).
Thus, it is legitimate to consider the nuclear ring as part
of the photometric bulge, although we will explore the
impact of the nuclear ring on bulge parameters.
We decompose the 1D surface brightness profile of the
galaxy (Figure 10; Table 8) by excluding data from 3′′
to 8′′ (nuclear ring) and from 20′′ to 70′′ (bar and in-
ner ring). We refrain from excluding the outer ring, or
else few data will be left. Uncertainties are measured by
expanding and contracting the excluded range for the nu-
clear ring, by shifting the start point by 0.5′′ and the end
point by 1′′. As it is impractical to further explore differ-
ent excluded ranges for the bar and the inner ring, the
uncertainties of the 1D parameters should be regarded
as lower limits to the true uncertainties.
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The 2D models (Table 8) are constructed in a similar
way as in the case of NGC 1533. The bar component
in Model1 is fitting both the bar and the inner ring be-
cause of their similar sizes and orientations. Moreover,
systematic negative residuals on both sides of the rings
are consistent with our recognition of the ring(lens)-like
feature of NGC 1533. Based on what we learned about
treating the lenses of NGC 2784 and NGC 1411, we spec-
ulate that the outer ring is not as crucial as the nuclear
and inner rings for bulge parameter measurements. The
nuclear ring is a subtle feature that is hard to model;
hence, we first fit the inner ring in Model2. We model the
inner ring based on another underlying disk component
because the inner ring has distinct PA and  compared
to the outer disk, on which the outer ring will be based.
In Model2, the bar and the inner ring are separated, and
the systematic negative residual pattern inside the inner
ring in Model1 vanishes. The outer ring is accounted for
in Model3 in the same way as the inner ring was. We
find that the difference between the bulge parameters
of Model2 and Model3 is marginal, which again justifies
the deliberately assigned lower priority of the outer ring.
In Model4, we mask the nuclear ring and refit Model3
to the image. The Se´rsic index appears to be the most
affected parameter of the bulge. We mask the nuclear
ring instead of modeling it because of the inability of our
method to separate the ring from the underlying compo-
nent (i.e., the disk for inner/outer rings or the bulge for
nuclear rings). However, we achieve our main objective,
which is to isolate the bulge from every other structural
component.
The 1D parameters, even considering their errors, are
fairly discrepant with the 2D ones. The trend for B/T
to increase from Model1 to the more sophisticated 2D
models is obvious. This is for the same reason that was
explained in the previous case—the disk light contribu-
tion in the central region is overestimated by Model1.
We note that the dramatically varying parameters of the
bar component from Model2 to Model3 are worrisome.
In contrast with the strong bar in NGC 1533, the ill-
defined bar of NGC 1326 is not capable of resisting the
variation of the input model. Nevertheless, the robust
bulge parameters are quite reassuring. In Model3 and
Model4, the bar components project their ends outside
the inner ring due to the pull from the brighter part of
the outer ring. The bar sizes are evidently overestimated,
but the bulge parameters should be stable against such
degeneracy in the outskirts. This is intrinsically the same
argument we made for assigning low priorities to outer
lenses and rings. We find that, except for the Se´rsic in-
dex, the nuclear ring has a negligible effect on the rest
of the bulge parameters. The role of the nuclear ring in
perturbing the surface brightness of the bulge is similar
to that of the nuclear lens of NGC 1411. The nuclear ring
does not carry enough light to dramatically alter B/T ;
however, if it is not excluded from the fit, the bulge com-
ponent will try to incorporate the nuclear ring, which will
result in a smaller Se´rsic index n because of the shallower
light distribution of the ring. This may be responsible,
at least in part, for the low Se´rsic indices reported for
pseudobulges that intrinsically have high Se´rsic indices,
as nuclear rings are common morphological indicators of
pseudobulges (Kormendy & Kennicutt 2004; Fisher &
Drory 2008; Fisher et al. 2009; Fisher & Drory 2010).
NGC 1326 also has an inner ring, apart from a nuclear
and an outer ring. By exploring models with and without
the inner ring, we reinforce our previous finding that it
is important to take into account the light deficit of the
inner disk induced by the bar. The outer ring has a
negligible effect on the bulge parameters. The nuclear
ring has little impact on the bulge luminosity but may
alter the Se´rsic index significantly.
4.8. IC 5240
Unlike NGC 1326, the prominent bar with the associ-
ated inner ring of IC 5240 is readily identified from the
R-band image, while the principal spiral pattern out-
side the inner ring is blurred. The spiral pattern recog-
nized by Sandage & Bedke (1994) is evident only on the
residual images (see the Residual1 and Residual2 pan-
els of Figure 11). The strong X-shape feature of the
boxy/peanut bulge is visible even on the original im-
age and clearly stands out in the residual images. This
boxy/peanut bulge seen at moderately inclined viewing
angles has been studied in detail (Erwin & Debattista
2013; Laurikainen et al. 2014). Obviously, the inner disk
(inside the inner ring) exhibits a surface brightness as
faint as that of the outskirt of the disk. Moreover, the
redder color (darker in the color map) of the inner disk
indicates that gas inside the inner ring has been depleted
by the bar and therefore the inner smooth disk is not as
vibrant as the outer spiral disk.
We fit the 1D surface brightness profile of the galaxy
(Figure 11) by excluding data from 20′′ to 55′′, which is
dominated by the bar and the inner ring. The uncertain-
ties of the best-fit parameters (Table 9) are obtained by
expanding and contracting the excluded range by shifting
the start point by 5′′ and the end point by 10′′.
Similar to the previous two barred galaxies, 2D Model1
again yields a dark hole. There is also a conspicuous X-
shape pattern associated with the bulge. As before, we
improve Model1 by breaking the disk component into two
parts. Then the systematic negative residuals vanish in
Model2. In Model3, we apply coordinate rotation to the
outer part of the disk to model the outer spiral pattern.
Improvement of the residuals is marginal, and there is
little change in the bulge structural parameters, because
the spiral feature is very weak. In Model4, we add an
m = 4 Fourier mode to the Se´rsic bulge component to
model its X-shape feature. The amplitude of the m =
4 Fourier mode potentially serves as another metric to
quantify the boxyness of the bulge (Ciambur & Graham
2016).
Most of the 1D parameters show significant deviation
from the 2D ones, especially for B/T . Their huge er-
ror bars are also worrisome. The dramatic variation of
B/T from Model1 to Model2 further strengthens the im-
portance of replacing the default exponential law for the
disk profile. By comparison, the influence of spiral arms
or X-shape features is relatively minor. The spiral arms
stop at the inner ring and thus barely affect the surface
brightness distribution inside.
4.9. NGC 7329
NGC 7329 is structurally qualitatively similar to
IC 5240. The inner ring also demarcates the inner red
disk to the outer, vigorously star-forming disk (see the
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Fig. 10.— Best-fit 1D/2D models and isophotal analysis of NGC 1326. Same conventions as in Figure 4.
TABLE 8
Best-fit Parameters for the Bulge of NGC 1326
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 10.73± 0.30 0.435± 0.109 18.86± 0.75 3.06± 0.77 10.01± 3.77 0.108± 0.023 73.99± 4.78
Model1b 11.42+0.00−0.00 0.219
+0.004
−0.004 17.07
+0.00
−0.00 1.14
+0.00
−0.00 4.31
+0.00
−0.00 0.228
+0.000
−0.000 83.73
+0.00
−0.01
Model2c 11.28+0.00−0.00 0.249
+0.004
−0.003 17.22
+0.00
−0.00 1.32
+0.00
−0.00 4.73
+0.00
−0.01 0.209
+0.000
−0.001 82.48
+0.00
−0.11
Model3d 11.29+0.00−0.00 0.260
+0.000
−0.000 17.20
+0.00
−0.00 1.29
+0.01
−0.00 4.72
+0.00
−0.00 0.215
+0.000
−0.000 83.37
+0.00
−0.01
Model4e 11.20+0.00−0.00 0.287
+0.001
−0.000 17.75
+0.01
−0.01 2.01
+0.01
−0.01 5.64
+0.01
−0.01 0.198
+0.000
−0.000 85.86
+0.00
−0.01
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Bar+Disk.
c Model configuration: Bulge+Bar+Broken Disk1(Part1+Part2)+Disk2.
d Model configuration: Bulge+Bar+Broken Disk1(Part1+Part2)+Broken Disk2(Part1+Part2). Errors for this model are
only lower limits.
e This model has the same configuration as Model3, only that the nuclear ring is masked. Errors for this model are only
lower limits.
Fig. 11.— Best-fit 1D/2D models and isophotal analysis of IC 5240. Same conventions as in Figure 4.
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TABLE 9
Best-fit Parameters for the Bulge of IC 5240
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 12.12± 0.22 0.415± 0.079 19.54± 0.25 1.74± 0.19 9.56± 1.81 0.333± 0.028 93.60± 0.21
Model1b 12.88+0.00−0.01 0.175
+0.002
−0.001 18.64
+0.01
−0.00 1.26
+0.00
−0.00 5.57
+0.03
−0.00 0.509
+0.000
−0.000 94.50
+0.02
−0.02
Model2c 12.49+0.00−0.00 0.266
+0.001
−0.001 19.26
+0.00
−0.00 1.86
+0.00
−0.00 8.05
+0.02
−0.02 0.499
+0.000
−0.000 95.60
+0.02
−0.03
Model3d 12.46+0.00−0.00 0.273
+0.002
−0.001 19.29
+0.00
−0.00 1.88
+0.00
−0.00 8.27
+0.02
−0.01 0.501
+0.000
−0.000 95.43
+0.02
−0.02
Model4e 12.57+0.00−0.00 0.247
+0.001
−0.002 19.34
+0.00
−0.08 1.93
+0.00
−0.00 7.76
+0.01
−0.01 0.486
+0.000
−0.000 95.51
+0.02
−0.01
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Bar+Disk.
c Model configuration: Bulge+Bar+Broken Disk(Part1+Part2).
d Model configuration: Bulge+Bar+Broken Disk(Part1+Spiral Part2).
e Model configuration: Boxy Bulge+Bar+Broken Disk(Part1+Spiral Part2).
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color map in Figure 12), except that NGC 7329 does
not contain a boxy/peanut bulge and its spiral pattern
is more evident. However, the galaxy may contain a bar-
lens component as seen on the residual image (see the
Residual1 panel of Figure 12) which, as the central thick-
ened part of bar, has been argued to be intrinsically the
same as a boxy/peanut bulge. A principal two-arm spiral
feature is readily recognized on the R-band image, and it
fragments into multiple arms when approaching outward.
Analogous to the situation in NGC 6118, only the main
two-arm spiral feature is modeled in our decomposition.
The 1D and 2D decompositions (Figure 12; Table 10)
are conducted as for IC 5240. We decompose the surface
brightness profile of the galaxy by excluding data from
15′′ to 60′′, which is dominated by the bar and the inner
ring. The uncertainties are obtained by expanding and
contracting the excluded range by shifting the start point
by 5′′ and the end point by 10′′. The ubiquitous empty
region around the bar shows up again in this case, as
seen on the residual image of Model1. Model2 corrects
this bias but leaves the spiral features to the next model.
Model3 applies coordinate rotation to the outer part of
the disk to reproduce the grand-design spiral arms. Note
that the errors of the 1D parameters are quite stable
compared with those of the other three barred galaxies
in the sample. Even without excluding data from the
radial profile, a Se´rsic+exponential model fits the surface
brightness very well, and the fitting results are consistent
with those presented here. The 1D parameters of the
bulge are consistent with the 2D ones, except for the
Se´rsic indices and ellipticities. The tendency for B/T to
increase from Model1 to Model2 also appears, although
to a much smaller degree. We again find that the spiral
arms have negligible effects on the bulge parameters.
We note that the bar components of Model2 and
Model3 extend into the outer disk. This is caused by
the spiral arms in the outer disk and the ansae at the
ends of the bar. The light of the outer disk is not uni-
formly distributed in all azimuthal directions but rather
is concentrated in the arms. When the outer disk is mod-
eled by an axisymmetric model without coordinate rota-
tion, it will compromise between the rises and falls in the
disk light. Consequently the bar component will stretch
outward to compensate for the “rises” that are not per-
fectly fitted by the axisymmetric outer disk component.
However, the extension of the bar into the outer disk is
limited because it cannot bend to trace the spiral arms
(see Model2). The size of the bar component in Model3 is
shortened because the spiral outer disk is properly mod-
eled, even though the ansae at the ends of the bar still
induce the bar component to stretch into the outer disk.
This example reinforces the need to properly treat the
empty region surrounding the bar. We further verify
that, as already shown for unbarred galaxies, spiral arms
can be neglected insofar as their effects on the bulge pa-
rameters are concerned.
4.10. NGC 945
The structure of NGC 945 is consistent with that of
NGC 7329, so we refer readers to Section 4.9 for a de-
tailed description of their common structural compo-
nents. Note that, despite the presence of fragments (see
Figure 13), the grand-design spiral pattern of NGC 945 is
more prominent than that of NGC 7329. There is a com-
panion galaxy, NGC 948, to the northeast of NGC 945.
Since the two galaxies are clearly separated on the im-
age, we simply mask NGC 948 instead of modeling it
simultaneously during the decompositions.
The galaxy was decomposed (Figure 13; Table 11) sim-
ilarly to NGC 7329. We decompose the 1D profile of
the galaxy by excluding data from 4′′ to 34′′, which is
dominated by the bar and the inner ring. The uncer-
tainties are obtained by expanding and contracting the
excluded range by shifting the start point by 1′′ and the
end point by 5′′. We find that the empty region around
the bar is much less prominent compared with previous
cases (see the Residual1 panel). Nevertheless, we consis-
tently break the disk into two parts to correct for the sys-
tematic negative residuals around the bulge in Model2.
Spiral arms are accounted for in Model3, as usual. Simi-
lar to NGC 7329, part of the surface brightness profile of
NGC 945 that is dominated by the bar smoothly merges
into the rest of the profile and would be unnoticed if it
were not for the ellipticity and PA profiles. Therefore,
excluding the radii containing the bar has little to no im-
pact on the 1D fit. The relative errors are large because
the bulge is quite weak. The bulge derived from 1D fit-
ting is systematically stronger than that obtained from
all three 2D fits; it has larger size, larger Se´rsic index,
smaller ellipticity, and therefore brighter apparent mag-
nitude. Moreover, the orientation derived in 1D is quite
far from those obtained from 2D decomposition.
The unrealistically large bar sizes in Model1 and
Model2 have the same causes as explained in Sections 4.8
and 4.9. We achieve a realistic-looking bar in Model3 by
properly modeling the inner and outer disk. We note
that the tendency for B/T to increase after correcting
for the empty region around the bar, a trend found in
the previous four barred galaxies, is not borne out here.
Besides having an unrealistic bar size, the bar compo-
nent of Model2 also has a considerably brighter central
surface brightness compared with the other two models,
thereby suppressing the bulge to be fainter than it should
be. Moreover, the ellipticity of the bulge component in
Model2 is exceptionally higher than those of the other
two fits. This behavior was not observed in the other
cases studied here.
5. DISCUSSION
5.1. 1D vs. 2D
Despite the inherent limitations of 1D bulge-to-disk de-
composition discussed in Section 1, we still perform tra-
ditional 1D fitting of the surface brightness profiles for
every galaxy in the sample. By comparing the bulge pa-
rameters derived from 1D analysis with the correspond-
ing ones from 2D fitting, we find that the results of 1D de-
composition often deviate significantly from those of 2D
fitting, or show exceptionally large uncertainties. The
latter are caused by further loss of information when
we exclude part of the surface brightness profile, which
may leave insufficient data to constrain the models. It is
worth noting that such cases are not exclusively barred
galaxies. This shortcoming can be overcome by fitting
more complex multi-component models to the surface
brightness profile, as advocated by Savorgnan & Gra-
ham (2016). In addition to a bulge and a disk, they
fit a bar, rings, even nuclear components to the disk
22 Gao & Ho
Fig. 12.— The best-fit 1D/2D models and isophotal analysis of NGC 7329. Same convention as in Figure 4.
TABLE 10
Best-fit Parameters for the Bulge of NGC 7329
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 13.36± 0.18 0.175± 0.027 18.83± 0.24 1.28± 0.20 3.72± 0.53 0.165± 0.009 107.05± 0.60
Model1b 13.40+0.00−0.00 0.147
+0.003
−0.003 18.62
+0.01
−0.01 1.45
+0.01
−0.01 3.40
+0.01
−0.01 0.250
+0.000
−0.000 107.83
+0.09
−0.08
Model2c 13.24+0.00−0.00 0.180
+0.003
−0.004 18.97
+0.00
−0.00 1.86
+0.00
−0.00 4.10
+0.00
−0.00 0.257
+0.000
−0.000 108.60
+0.22
−0.19
Model3d 13.22+0.00−0.00 0.183
+0.003
−0.003 18.95
+0.00
−0.00 1.84
+0.01
−0.00 4.10
+0.01
−0.01 0.256
+0.000
−0.000 106.62
+0.04
−0.03
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Bar+Disk.
c Model configuration: Bulge+Bar+Broken Disk(Part1+Part2).
d Model configuration: Bulge+Bar+Broken Disk(Part1+Spiral Part2).
TABLE 11
Best-fit Parameters for the Bulge of NGC 945
Model
mR B/T µe,R n re  PA
(mag) (mag arcsec−2) (′′) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)
Model0a 15.09± 0.43 0.051± 0.015 20.27± 0.39 1.73± 0.35 2.89± 0.80 0.073± 0.015 11.85± 3.25
Model1b 15.50+0.00−0.00 0.030
+0.000
−0.001 19.48
+0.01
−0.00 1.20
+0.01
−0.00 1.87
+0.01
−0.00 0.141
+0.001
−0.000 49.75
+0.48
−0.20
Model2c 15.62+0.00−0.03 0.027
+0.001
−0.000 19.86
+0.00
−0.06 1.46
+0.01
−0.04 2.28
+0.01
−0.07 0.324
+0.000
−0.032 69.14
+0.00
−1.21
Model3d 15.30+0.00−0.04 0.036
+0.001
−0.000 19.88
+0.00
−0.01 1.57
+0.00
−0.00 2.43
+0.00
−0.01 0.214
+0.000
−0.029 61.14
+0.00
−1.88
Note. — See Table 2 for details.
a Model configuration: Bulge+Disk.
b Model configuration: Bulge+Bar+Disk.
c Model configuration: Bulge+Bar+Broken Disk(Part1+Part2).
d Model configuration: Bulge+Bar+Broken Disk(Part1+Spiral Part2).
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Fig. 13.— The best-fit 1D/2D models and isophotal analysis of NGC 945. Same convention as in Figure 4.
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galaxies in their sample. We do not consider their 1D
approach superior to that adopted here or in Fisher &
Drory (2008). Multi-component decomposition in 1D,
without constraints from geometric information, can be
highly degenerate, resulting in severely underestimated,
unquantifiable uncertainties.
A central result of our analysis is that the structural
parameters of bulges in general are very sensitive to a
variety of internal substructure, especially those located
in the inner portions of the galaxy. These substructures
must be modeled properly, and the most direct and ef-
fective way of doing is through detailed multi-component
2D fitting, as illustrated for the 10 prototype disk galax-
ies studied here. In Section 4, we show that most of the
morphological features (beyond axisymmetric models of
bulge and disk), including bars, lenses, rings, disk breaks,
and spiral arms, can be modeled consistently by combina-
tions of just a limited set of analytic functions. In order
to successfully reproduce the complicated appearances
of CGS disk galaxies, we took a series of intermediate
steps of model refinement, which was extremely time-
consuming. A large number of free parameters were in-
volved in this process, some of them having to be fixed to
reasonable values; analytic functions were chopped into
blocks by truncations. These methods are not tradition-
ally used for bulge-to-disk decomposition. However, we
demonstrate that they are necessary in order to obtain
reliable bulge parameters with robust estimates of their
uncertainties. Fortunately, not all of the features affect
the bulge measurements equally. Some are critical but
others less so. In the rest of this section, we discuss the
relative importance and priorities of these features, aim-
ing to answer two questions: which ones can be neglected
and, if so, how much difference will they make?
5.2. Bars
There is no doubt that bars should be modeled, or else
bulge measurements will be significantly biased (Lau-
rikainen et al. 2004, 2005; Gadotti 2008). We always
include a bar in the model whenever one is seen. How-
ever, there is no consensus on how to model bars. The
most commonly adopted assumptions for bars in the lit-
erature are the Ferrer function and the Se´rsic function
(e.g., Ferrer bars: Laurikainen et al. 2004, 2005, 2006,
2010; Salo et al. 2015; Se´rsic bars: Gadotti 2008, 2009;
Weinzirl et al. 2009; Kim et al. 2014; Head et al. 2015).
We choose the modified Ferrer function over the Se´rsic
function as the default assumption for bars, in considera-
tion of the extra freedom that its analytic form allows for
the central slope (α) to decouple from the outer slope (β).
Nevertheless, Se´rsic bars can offer equivalently good fits.
To quantify the impact of these two different assumptions
on bulge parameters, we substitute the modified Ferrer
bar in the final best fit with a Se´rsic bar and refit the
model. We find that these two different functional forms
of bars yield consistent bulge parameters. Specifically, we
notice that mR and B/T show systematic trends when
the bar model changes from the modified Ferrer func-
tion to the Se´rsic function, namely that mR decreases
and B/T increases. However, we find no clear trends for
other bulge parameters. In general, the impact of the
different functional forms of the bar model is small. As
measured from the five barred cases, substitution of the
best-fit modified Ferrer bar with a Se´rsic bar affects mR
by ∼ 0.05 mag, µe,R by ∼ 0.05 mag arcsec−2, and B/T ,
n, re, and  by ∼5%, 2%, 3%, and 2%, respectively12.
We demonstrate that our choice of analytic function
for the bar component is not crucial for bulge measure-
ments. Therefore, we will consistently model bars with
the modified Ferrer function in future studies of CGS
galaxies.
5.3. Lenses and Rings
We group lenses and rings into one category, for the
reasons given in Section 4.6. Both lenses and rings ap-
pear as shelves or ends of shelves on surface brightness
profiles, although lenses have a radial extent toward the
galaxy center while rings do not. In fact, lenses and
rings have same implications on our model construction
(see Model3 and Model4 of NGC 1411, and Model2 and
Model3 of NGC 1533). As lenses and rings perturb disk
surface brightness in a similar way, it is not a surprise
that they affect bulge parameters in a similar fashion.
NGC 1411 and NGC 2784 are two prototypical lensed
galaxies in our sample. In addition, we would like to
take NGC 1357 into consideration, because its inner disk
shares a similar surface brightness profile as the inner
lenses of NGC 1411 and NGC 2784, even though this
“lens” bears spiral arms. In the case of NGC 1411, we
show that the nuclear lens and the inner lens need to
be modeled simultaneously, if we desire to get all bulge
parameters correctly. If the nuclear lens is not properly
accounted for, it at least has a significant effect on the
bulge Se´rsic index. In NGC 2784, we show that if its in-
ner lens is not properly modeled, it becomes incorporated
into the bulge component, thereby leading to an overes-
timate of B/T . The same thing happens in the case of
NGC 1357, if we consider the inner disk of this galaxy as
an inner lens. By contrast, the inner lens of NGC 1411
does not affect the bulge in the same way. Taking all
three examples into account, we conclude that both nu-
clear lenses and inner lenses need to be modeled because
their influence on bulge structural parameters cannot be
well predicted. Each case must be treated individually.
As for the outer lens, we show that in NGC 2784 this
component only has a secondary effect on the bulge; ne-
glecting the outer lens induces an error of only 0.06 mag,
6.0%, 0.08 mag arcsec−2, 3.6%, 6.3%, and 5.5%, for mR,
B/T , µe,R, n, re, and , respectively.
Four out of the five barred galaxies contain inner rings
that separate an inner redder disk from an outer bluer
disk. The only exception is NGC 1533, which shows sim-
ilar colors for both parts of its disk. We find that these
rings demarcate a transition in surface brightness profile
slope, from an inner disk with a shallower profile to an
outer disk with steeper slope. We attribute these features
to the dynamical influence of the bar. The inner rings
of barred galaxies must be modeled, not for reproducing
the rings themselves, but for correctly describing varia-
tions of surface brightness across the rings to prevent the
bulges from being systematically underestimated. Their
disk profiles should fall in the category of Type II profiles,
12 We express variations of bulge parameters in terms of absolute
variations for mR and µe,R, but in terms of fractional variations
for B/T , n, re, and , in consideration that absolute variations of
magnitude parameters are actually proxies for fractional variations
of flux parameters.
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but they can be easily missed, since azimuthally averaged
profiles smooth out the deficiency of inner disk light by
compensating it with the excess emission from the bar.
We will revisit this issue along with other galaxies that
show Type II profiles in Section 5.4.
We are not the first ones to notice or try to correct for
such a bias. Gadotti (2008) found well-defined regions of
conspicuous negative residuals when fitting models that
adopt exponential disks to NGC 4608 and NGC 5701.
These two galaxies are morphologically similar to our
barred galaxies. Gadotti tried to improve their fits by
breaking the disk components into two parts: an inner
part with constant surface brightness and an outer part
that remains exponential (see their Figure 8). Gadotti’s
strategy is similar to ours, although we implement it dif-
ferently. Kim et al. (2016b) also noticed the depressed
regions around bars, which they refer to as a θ-shaped
morphology. They modeled the broken disks as two expo-
nential subsections with different scale lengths and obser-
vationally confirmed the link between bar strength and
light deficit of the inner disks.
There is only one galaxy in our sample—NGC 1326—
that has both a nuclear ring and an outer ring. Consis-
tent with the situation regarding the outer lenses (e.g.,
as in NGC 2784), we find that modeling the outer ring
makes little difference for the bulge parameters. Frac-
tional errors caused by omitting the outer ring from the
2D model are 0.01 mag, 4.4%, 0.02 mag arcsec−2, 2.3%,
0.2%, and 2.9%, for mR, B/T , µe,R, n, re, and , respec-
tively. The nuclear ring is the only key morphological
feature that we do not model in our sample, although we
do mask it to quantify its impact on the bulge parame-
ters. Putting aside the issue of whether the nuclear ring
is part of the photometric bulge or not, we find that it
affects n more than B/T .
To verify the robustness of the above results, we fur-
ther analyze another four galaxies that show visible outer
lenses/rings: NGC 254, NGC 1302, NGC 4984, and
NGC 6893. In total we have a representative sample
of six galaxies that exhibit outer lens/ring features: two
of them barred that show outer rings (NGC 1302 and
NGC 1326), two unbarred but that show outer rings
(NGC 254 and NGC 4984), and two unbarred with outer
lenses (NGC 2784 and NGC 6893). Our conclusion that
outer lenses and rings have a minor impact on bulge mea-
surements still holds with this enlarged sample. Their
impact on B/T ranges from 2.7% to 13.5%, with a mean
of 7.1%, which is in fair agreement with the two cases
discussed more extensively in this study. Finally, we esti-
mate that bypassing outer lenses/rings will cause a small
error of 0.05 mag, 7.1%, 0.09 mag arcsec−2, 5.8%, 5.3%,
and 4.8%, for mR, B/T , µe,R, n, re, and , respectively.
To summarize: the inner lens/ring and the nuclear
lens/ring deserve proper treatment. They need to be
either included explicitly in the 2D model or masked.
The outer lens/ring only has relatively minor influence
on bulge parameters compared with their counterparts
on smaller sizes, and thus will no longer be treated in
the rest of the CGS disk galaxy sample. Although by-
passing the outer lens/ring will introduce some degree of
uncertainty into the bulge parameters, their typical val-
ues can be inferred from the case studies highlighted in
this paper.
5.4. Disk Breaks
Disk breaks are readily recognized in the outer sur-
face brightness profiles of NGC 7083 and NGC 6118.
Among barred galaxies, we identify another type of “disk
break”; these occur at inner rings. The two are not the
same: the former occur at the faint outskirt of their
disks (∼ 23 mag arcsec−2), whereas the latter are seen in
the inner, bright regions (∼ 21–22 mag arcsec−2). Disk
breaks in barred galaxies are plausibly associated with
bar-induced secular evolution, while disk breaks in un-
barred galaxies occur at the edges of spiral arms, suggest-
ing that the underluminous and red outer disks may be
caused by suppression of star formation therein and stel-
lar migration (Marino et al. 2016, and references therein).
From the point of view of image decomposition, their ef-
fect on bulge structural parameters is similar: B/T will
be underestimated if disk breaks are not properly mod-
eled. The degree to which the bulge luminosity is un-
derestimated depends on where the break occurs. Kim
et al. (2014) stressed the importance of accounting for
disk break, otherwise the flux of both the bulge and the
bar will be underestimated. In our study, disk breaks in
barred galaxies cause B/T to vary by ∼ 10–50%, with a
mean value of 32.5%. For unbarred galaxies in our sam-
ple, the corresponding values are 31.7% for NGC 7083
and 176% for NGC 6118. Note that even though our
sample does not include any Type III disk galaxies, we
expect such disk breaks to be equally important if they
were to occur at similar positions in the disk as the disk
breaks of Type II profiles.
5.5. Spiral Arms
Spiral arms are common features of galaxies in our
sample. In total we have six galaxies that show recogniz-
able spiral patterns in their disks: NGC 1357, NGC 6118,
and NGC 7083 are unbarred; IC 5240, NGC 945, and
NGC 7329 are barred. We successfully reproduce their
spiral patterns up to three-arm features by applying co-
ordinate rotation and, optionally, Fourier modes to their
disk components. Note that spiral arms in our models
are not add-on components to disks. They are actually
azimuthally distorted disks.
We find that disk scale lengths become larger when
spiral arms are invoked. The cause of this was discussed
in detail in Section 4.3, and will not be repeated here.
Our primary concern, however, is with the bulge, not the
disk. In general, spiral arms make only minor perturba-
tions to the bulge parameters. This is especially true
for barred galaxies, whose spiral arms stop at the inner
ring, whereas they extend to the center in unbarred sys-
tems. For unbarred galaxies, ignoring spiral arms intro-
duces to the bulge component an uncertainty of 0.14 mag,
11.7%, 0.24 mag arcsec−2, 10.1%, 13.6%, and 0.4% for
mR, B/T , µe,R, n, re, and , respectively; for barred
galaxies, the corresponding values are 0.03 mag, 2.2%,
0.03 mag arcsec−2, 1.1%, 1.4%, and 0.4% for mR, B/T ,
µe,R, n, re, and , respectively.
It is worth remarking that our sample only includes
galaxies that show clear two-arm or multiple-arm pat-
terns. There are galaxies with spiral patterns that are
so flocculent that they lie beyond the capabilities of
available image-fitting tools. Thus, their impact on
bulge parameters cannot be quantified straightforwardly.
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Nevertheless, flocculent spiral patterns are weaker non-
axisymmetric perturbation to disk surface brightness
than continuous spiral arms. So we hypothesize that
flocculent spiral patterns should affect bulge parameters
even less than the stronger spiral patterns investigated
here.
5.6. Prescription to Estimate Uncertainties of 2D Fits
of Bulges
In the previous sections, we have systematically exam-
ined the relative importance of including all major mor-
phological features in 2D image decomposition of galax-
ies. We are most concerned with knowing which features
need to be treated, and which can be ignored, for the
purposes of obtaining robust photometric parameters of
bulges. The aim is to arrive at a set of useful guidelines
that can be applied to future studies of larger samples,
for which the extremely detailed and time-consuming ap-
proach adopted in this pilot study would be impractical.
First, we show that outer lenses and rings have the
lowest priority. Ignoring such features in the outskirts
of disks typically will cost only precisions of 0.05 mag,
7.1%, 0.09 mag arcsec−2, 5.8%, 5.3%, and 4.8% for mR,
B/T , µe,R, n, re, and , respectively. Whenever galaxies
show outer lenses or rings, we will simply ignore them
in future decomposition of CGS galaxies aimed at bulge
studies. Second, spiral arms are also found not to be cru-
cial in constructing surface brightness models. The con-
sequences of ignoring spiral arms differ between unbarred
and barred galaxies. For unbarred galaxies, spiral arms
affect bulge parameters at the level of 0.14 mag, 11.7%,
0.24 mag arcsec−2, 10.1%, 13.6%, and 0.4% for mR, B/T ,
µe,R, n, re, and , respectively; for barred galaxies, the
corresponding effects are even milder, namely 0.03 mag,
2.2%, 0.03 mag arcsec−2, 1.1%, 1.4%, and 0.4% for mR,
B/T , µe,R, n, re, and , respectively. Ignoring these com-
plicated features will greatly speed up the 2D fitting.
Apart from the outer lenses/rings and spiral arms, we
find that all other major secondary morphological com-
ponents need to be properly considered.
We also reveal some hidden uncertainties of bulge pa-
rameters when modeling lenses and rings. As shown
in the cases of NGC 1411 and NGC 1533, disk breaks,
lenses, and rings, along with the underlying disk, can
be modeled mathematically interchangeably. And differ-
ent mathematical representations of disk surface bright-
ness certainly introduce variations in bulge parameters,
as estimated from these two cases: 0.09 mag, 6.7%,
0.15 mag arcsec−2, 8.0%, 6.9%, and 7.7% for mR, B/T ,
µe,R, n, re, and , respectively. These numbers will be
applied to future studies whenever lenses and disk breaks
(with or without rings) are modeled. The typical varia-
tions as measured in these two cases should be included in
the parameter error budget as extra uncertainties added
in quadrature.
Suppose that we are dealing with a barred galaxy that
possesses an inner ring and spiral arms. Based on the
lessons learned in this study, we would prepare a 2D
model that includes a Se´rsic bulge, a modified Ferrer
bar, and a broken axisymmetric disk. After obtaining
the best-fit parameters of this model, we estimate two
sources of model-dependent uncertainties: (1) omission
of spiral arms, and (2) assumption of the mathematical
representation of the inner ring along with the under-
lying disk. H. Gao et al. (2017, in preparation) will
adopt a similar strategy for investigating the bulge prop-
erties of the entire sample of S0 and spiral galaxies in
CGS. We will not explore multiple 2D models for every
galaxy. Instead, for each galaxy we will construct a sin-
gle model with the minimum number of necessary com-
ponents based on the particular morphological attributes
of the galaxy, guided by the experience gained from this
study. The final error budget of the bulge parameters
will take into account the model-induced systematics de-
scribed in this paper, as well as uncertainties due to sky
subtraction.
6. SUMMARY
The main goal of this study is to investigate the de-
gree to which the photometric parameters of the bulge
are influenced by the manner in which we model the
various complex morphological features typically seen in
high-quality, well-resolved optical/near-infrared images
of nearby galaxies. Without carefully and systematically
treating each feature in turn, it is impossible to predict
which will matter and which will not. Of course, it is not
our intention to dissect every morphological detail; that
would have little significance. Nor can we realistically ex-
plore the full array of morphological diversity displayed
throughout the Hubble sequence. Yet, the vast majority
of normal (i.e. isolated, non-interacting) disk galaxies do
contain a sufficiently well-defined set of basic “building
block” components—the very ones that justify detailed
morphological classification (e.g., de Vaucouleurs et al.
1991; Buta et al. 2015)—such that we can gain some use-
ful insights from a detailed investigation of a limited set
of prototypes. Based on case studies of these prototypes,
we determine which morphological components are essen-
tial and which are peripheral to the robust measurement
of bulge parameters, with the intention of developing a
set of guidelines that would enable us to more efficiently
perform bulge-to-disk decomposition of a large sample of
galaxies, without loss of accuracy.
Toward this end, we present 1D and 2D bulge-to-disk
decompositions of R-band images of 10 representative
disk galaxies selected from the CGS, spanning Hubble
types S0 to Scd and SB0 to SBc. We find that the 1D
approach is not appropriate for most cases in our sam-
ple. We perform 2D multi-model and multi-component
decomposition using the latest version of GALFIT. Thanks
to the great flexibility provided by GALFIT, we are able
to reproduce in a consistent manner not only the bulge,
bar, and disk components of the galaxies, but also all
extra principal morphological features, including lenses,
rings, and disk breaks, on both small and large scales, as
well as spiral arms. By exploring different input surface
brightness models for GALFIT, we identify morphological
features that are considered to be essential constituents
of adequate surface brightness models and also identify
those that can be ignored. The typical variations of bulge
structural parameters measured across different surface
brightness models serve as estimates of typical model-
induced uncertainties.
Our main conclusions are as follows:
• Under most circumstances, outer lenses, outer
rings, and spiral arms can be excluded from the
model. These components affect bulge magnitudes
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only at the level of . 0.1 mag and B/T , re, and
Se´rsic n at the level of . 10%.
• Components that intimately overlap with the
bulge, such as nuclear lenses/rings and inner
lenses/rings, must be treated properly. Specifically,
inner lenses/rings have a considerable impact on
B/T and Se´rsic n, while nuclear lenses/rings, when
they are not regarded as part of the photometric
bulge, at least affect Se´rsic n.
• We confirm that bars and disk breaks, including
inner disk breaks induced by bars, need to be mod-
eled.
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APPENDIX
A. TECHNICAL BIASES OF 1D
DECOMPOSITION
We derive radial surface brightness profiles of the
galaxies using the IRAF task ellipse. The task fits
elliptical isophotes to sky-subtracted images and then
outputs the azimuthally averaged surface brightness in-
tensity along each isophotal ellipse, along with the ellip-
ticity and position angle of each isophote, as a function
of the semi-major axis length. The major axis length
of the isophotes grows logarithmically (geometrically) or
linearly, as specified by the user. Intuitively one might
expect that a logarithmically sampled profile puts more
weight on the brighter, central region of the galaxy. But
rigorously speaking, how the surface brightness profile
is sampled (logarithmically or linearly), in conjunction
with other factors, affects the fitting results of the sur-
face brightness profile in an intricate way. In this section,
starting with considerations on how the surface bright-
ness profile should be sampled, we explore several aspects
of 1D bulge-to-disk decomposition and biases that are in-
troduced during this process.
To produce a sparsely sampled profile is equivalent to
merging adjacent data of a more intensively sampled pro-
file. However, how these adjacent data are merged actu-
ally depends on how the task assigns pixel values along
the elliptical isophotal path. The task provides three
methods to sample the image: bi-linear interpolation and
either the mean or median over elliptical annulus sectors.
The bi-linear interpolation method is the default option;
even if either of the other two methods is selected, it
is still enforced by the task in the central region of the
galaxy. The bi-linear method only extracts a one pixel
wide sample of the image for each isophote, which misses
many pixels for isophotes with increment of semi-major
axis length larger than 2 pixels. The mean or median
method makes full use of the pixels in successive annuli
but is computationally more expensive than the bi-linear
interpolation method.
Returning to the issue of merging data in the inten-
sively sampled profile to produce a more sparsely sam-
pled one, assume that we adopt the mean method for
the task. If error propagation is properly done, suppos-
ing that σ∗ is the new error of a merged data point, then
σ∗ = σ/
√
N , where N is the number of data points to be
merged in the intensively sampled profile, and σ is their
error. By weighting the merged data in the sparsely sam-
pled profile with its new error and the original data that
have not been merged in the intensively sampled profile
with their errors, one finds that they contribute equally
to χ2ν , assuming a good fit is achieved (i.e., data devia-
tions from the model are comparable to their error bars).
So, ideally speaking, how the surface brightness profile
is sampled (logarithmically or linearly) does not matter.
However, this reasoning only applies to a local flat part
of the profile. In reality the profile may be highly curved.
Curvature in the profile will introduce non-Poisson fluc-
tuations into the error budget of a sparsely sampled pro-
file, which makes this issue more complicated. Thus, to
be rigorous, the fitting results of profiles that are sam-
pled in different ways should differ from one another, and
the differences depend on various aspects of the fitting
procedure, such as which image-sampling technique is
adopted, how error estimation is conducted, the detailed
shape of the profiles (highly curved or flat), and how data
are weighted in the least χ2 fitting (S/N-based weighting
or non-S/N-based weighting). From a statistical point of
view, there is no rigorously perfect choice.
Here, we simply make a choice that we deem to be
realistic. To save computation time, the surface bright-
ness profiles in this paper are logarithmically spaced in
order to sample the bright (bulge) region intensively and
the faint outskirts sparsely. We adopt the default bi-
linear interpolation sampling method, and all data are
weighted by their measurement errors. Savorgnan &
Graham (2016) argued that a linearly sampled profile
and a logarithmically sampled profile implicitly imply
different weighting schemes. We disagree, for the reasons
given above. They then adopted linearly sampled sur-
face brightness profiles and assigned equivalent weights
to their data, according to their definition of what con-
stitutes a good fit.
Having established the method to extract surface
brightness profiles from galaxy images, the next step is to
perform the least χ2 fitting. Should χ2ν be based on sur-
face brightness flux or on surface brightness magnitude?
Both can be expressed in a similar way:
χ2ν =
1
Ndof
Ndata∑
i=1
(fdata,i − fmodel,i)2
σ2f,data,i
, (A1)
χ2ν =
1
Ndof
Ndata∑
i=1
(µdata,i − µmodel,i)2
σ2µ,data,i
, (A2)
28 Gao & Ho
where χ2ν is the reduced χ
2, Ndof is the number of de-
grees of freedom, Ndata is the number of data points in
the surface brightness profile, f and µ represent surface
brightness flux and surface brightness magnitude at a
certain radius, for both data and model, respectively,
and σf and σµ are their corresponding errors. These
two definitions are formally different from a mathemati-
cal point of view, but both seem to be reasonable for the
purposes of bulge-to-disk decomposition. As discussed
above, there is no way to guarantee absolute rigorous-
ness in 1D fitting. Here we add that even the choice
of χ2ν is unclear. Nevertheless, they are consistent with
each other in high-S/N regions. Our tests indicate that,
in the high-S/N regime of our data, in practice these
two definitions of χ2ν produce consistent fitting results.
We adopt Equation (A1) throughout this paper, in view
of the convenience of estimating errors in terms of flux
rather than magnitude.
B. SKY LEVEL MEASUREMENTS
Bulge-to-disk decomposition of these bright galaxies is
not sensitive to sky measurements errors, because the
bulge is a high-surface-brightness component that lies
significantly above the sky. Our approach to sky mea-
surement is qualitatively similar to that of Li et al. (2011)
and Huang et al. (2013). We measure the sky level
in two ways: (1) a direct/model-independent approach
for 1D bulge-to-disk decomposition (similar to Li et al.
2011), and (2) an indirect/model-dependent approach for
2D bulge-to-disk decomposition (similar to Huang et al.
2013). The indirect approach is necessary for galaxies
whose sizes are sufficiently large relative to the field-of-
view of the image such that not enough blank sky area
is available for direct sky measurement. Below we prove
that these two approaches are internally consistent. For
convenience and simplicity, our future 2D decomposition
analysis will adopt the indirect approach.
B.1. Direct Approach to Measure the Sky Level
This approach begins by masking all pixels containing
signal from the science target and other field objects. We
generally mask the central galaxy with an elliptical re-
gion of semi-major axis length 3 − 5R80 of the galaxy,
where R80 is the radius enclosing 80% of the total flux.
After further masking other field objects (for a descrip-
tion of the procedure, see Li et al. 2011), any remaining
unmasked pixels are considered to be sky pixels. We
perform 3σ clipping for the sky pixel values, and then
compute the median of the cleaned sample as the sky
level.
To characterize large-scale spatial fluctuations in the
sky, we drop random boxes onto the sky region (i.e., be-
yond the elliptical mask of the central galaxy) of the sky-
subtracted image (see Appendix B of Huang et al. 2013).
If the sky level has been adequately determined and sub-
tracted, the average pixel values in each box should oscil-
late around 0. The root mean square of the box-averaged
residuals serves as a measurement of uncertainty of the
sky level σ =
√∑N
i=1 res
2
i /N , where N is the number
of boxes and resi is the the average pixel value in the
ith box. We measure the sky level uncertainty from the
sky-subtracted residuals in order to be consistent with
our indirect approach of sky measurement, wherein the
sky level uncertainty is also determined from the sky-
subtracted image. The number of random boxes is lim-
ited by the box size (the larger the box size, the fewer
useful, non-overlapping ones left). We explore a range
of varying box sizes, starting from 20× 20 pixels and in-
creasing until σ ceases to decrease, but at no time do we
allow there to be fewer than 20 useful boxes. The final
largest box size is adopted, and we repeat the process
of generating random boxes at least 30 times, with this
given box size. The mean of all σ is finally adopted as
the uncertainty of the measured sky level. In this paper,
the sky level measured from this direct approach is used
to prepare sky-subtracted images for 1D decomposition,
and it also serves as the initial guess of the sky level
parameter in 2D decomposition.
B.2. Indirect Approach to Measure the Sky Level
In this approach, the sky level is solved as an addi-
tional component—modeled as a tilted plane—in the 2D
fitting process. As such, the best-fit sky level depends on
how the galaxy surface brightness model is constructed.
In general, if the surface brightness model of the galaxy
is reasonably accurate, the precision of the sky level
is limited by the intrinsic large-scale variations of the
sky, which can be inferred from the original (not sky-
subtracted) image (Huang et al. 2013). Here, we con-
sider a more general approach to quantify how well the
best-fit sky level approximates the “true” sky level, irre-
spective of the accuracy of the surface brightness model
of the galaxy. Whether or not the best-fit sky level de-
scribes well the “true” sky is immediately reflected in
the sky-subtracted residuals in the sky region, as only
the best-fit sky component should be subtracted from
the original image since galaxy components may help to
compensate for the “true” sky level (e.g., a high-n Se´rsic
component with an extended wing). We measure the
sky level uncertainty using the method described in Sec-
tion B.1, by dropping random boxes onto the same sky
region of the sky-subtracted image, only that in this case
the subtracted sky is determined from a best-fit global
2D model. The choice of box size is kept the same as
that determined from the direct approach. The sky level
uncertainty estimated in this way not only contains the
large-scale fluctuations of the sky, but also incorporates
possible biases that may be introduced by an improper
surface brightness model.
B.3. Internal Consistency of Direct and Indirect Sky
Level Measurements
As we use different approaches to measure the sky level
in our 1D and 2D analysis, it is important to consider the
extent to which this might affect our comparison between
the 1D and 2D models, as well as among the different
2D models. Figure B1 compares the sky levels derived
by these two approaches. The sky levels obtained by the
direct approach are adopted as the “ground truth,” and
the scatter of the indirect measurements around their
corresponding “ground truth” are normalized by the un-
certainty of the direct measurement. We find that most
of the indirect measurements agree well with their cor-
responding direct measurements (within 1σdirect), espe-
cially when considering their error bars. Only three in-
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Fig. B1.— Comparison of sky levels measured by the indirect and
direct approaches. The scatter of the indirect sky level measure-
ments around their corresponding direct measurements are divided
by the uncertainties of the direct measurements. The uncertain-
ties of the indirect measurements are also scaled accordingly. The
comparison is conducted in groups, one per galaxy. Groups of in-
direct measurements are separated by dotted lines. Within any
given group, the measurements are slightly offset horizontally for
clarity, ordered by the increasing complexity of their correspond-
ing 2D models (see Figure 4–13 in this paper). The numbered
sequence of galaxies along the horizontal axis is consistent with
the top-to-bottom sequence of galaxies in Table 1.
direct measurements deviate from their direct measure-
ments more than 1σdirect, one for NGC 6118 and two
for NGC 1326 (aliased as Gal. 5 and Gal. 7 in Fig-
ure B1). We trace these discrepancies back to the 2D
models whose sky levels have been underestimated due
to inadequate treatment of the truncation of the outer
disks. On the other hand, their error bars are also corre-
spondingly large. Figure B1 shows that all indirect mea-
surements, even the three extreme ones, overlap, within
their uncertainties, with their corresponding direct mea-
surements. This ensures that whatever differences be-
tween the 1D and 2D bulge parameters that are caused
by biases in sky level measurements have been incorpo-
rated in the uncertainties of bulge parameters. Thus,
we conclude that the differences between the 1D and 2D
bulge parameters are genuine, as they cannot be fully
accounted for by the uncertainties. The same holds for
comparison of bulge parameters among the various 2D
models for the same galaxy.
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